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The International Energy Agency World Energy Outlook highlights the 
increasing importance of alternative fuels in meeting the energy demand while 
achieving minimum environmental impacts. Among the various alternative 
fuels being developed, biodiesel has a great potential to replace conventional 
diesel resulting in reduced harmful emissions. Unlike conventional diesel, 
which is dominated by saturated hydrocarbons, the major components of 
biodiesel are the fatty acid methyl esters having long carbon chains. With the 
differences in their molecular structures, the combustion and emission 
characteristics of biodiesel differ from those of conventional diesel. Therefore, 
to better utilize biodiesel in modern diesel engines, efforts will have to be 
made to better understand the potential and limitations of biodiesel. This 
dissertation describes the work carried out on (i) the development of a skeletal 
biodiesel combustion model for multi-dimensional simulations; (ii) theoretical 
and experimental investigations on the combustion and emission 
characteristics of a diesel engine fueled by biodiesel; and (iii) a feasibility 
study on hydrogen assisted biodiesel combustion strategy for an improved 
performance with reduced emissions. 
     First, a skeletal reaction mechanism consisting of 112 species and 498 
reactions with CO, NOx and soot formation kinetics embedded was developed 
to simulate the combustion process of diesel, biodiesel and their blend fuels. 
Extensive validations were performed for the developed reaction mechanism 
and the results indicated that the predicted ignition delay timings of n-heptane 
and biodiesel agreed very well with experimental data. The reaction model 
was further integrated into a 3-D engine simulation software, KIVA4, to 
predict the performance of the engine with high accuracy. For a better 
representation of biodiesel fuel properties, a detailed physical properties 
predictive model was developed for the five typical methyl esters of biodiesel 
and was integrated into the KIVA4 fuel library.  
     Second, experimental and numerical studies were conducted on a light duty 
diesel engine to investigate the impact of biodiesel on the engine’s 
performance, combustion and emission characteristics. Simulations were 
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carried out using the coupled KIVA-CHEMKIN code, and simulated cases 
were validated against experimental results by comparing the in-cylinder 
pressure and heat release rate. Key results revealed that one major drawback 
associated with biodiesel combustion was the reduced power output with 
higher CO emissions at partial load conditions due to the increased viscosity 
of biodiesel.  
     Finally, a detailed chemical reaction model was developed to investigate 
the impact of supplemental hydrogen induction on biodiesel combustion. 
Simulation results indicated that with the increase of hydrogen induction rate, 
a substantial increase in the peak cylinder pressure and heat release rate could 
be obtained under 50% and 100% load conditions, although a slightly reduced 
performance was observed at 10% load conditions. In addition, a decreasing 
trend was observed for both CO and soot emissions under all engine speed and 
load conditions. Generally, it can be concluded that hydrogen assisted dual 
fuel combustion strategy can be applied to improve significantly the 
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Chapter 1 Introduction 
1.1 Background and Motivations 
The diesel engine dates back to 1892 when Rudolf Diesel invented the 
compression-ignition engine [1]. The early diesel engines were designed with 
complex fuel injection systems to run with various types of fuels from 
kerosene to coal dust. Compared to these fuels, vegetable oil was shortly 
recognized as a better candidate fuel because of its high energy content. Early 
attempts of vegetable oil fueled diesel engine were done by Dr. Diesel who 
used peanut oil to fuel a diesel engine during the Paris Exposition in 1900, and 
subsequently in the World’s Fair in 1911 [2, 3]. The successful demonstrations 
of vegetable oil used in diesel engine made him envision that vegetable oil 
could be used to power diesel engines for agriculture in remote areas where 
petroleum fuel was not available, and it could bring considerable benefits to 
the farmers. However, shortly after petroleum fuel was discovered, “diesel 
fuel” as what we know today became widely available and cheap. Owing to its 
widespread availability and low cost of production, vegetable oils failed to 
capture public attention as an energy source, and later diesel engine designs 
were modified to match the physical properties of fossil diesel.  
     However, in the past three decades starting from the early 1980s, the use of 
vegetable oils has once again come to the forefront and become more 
competitive due to the fast depletion of petroleum fuels together with the 
increasing energy demand. But to use pure vegetable oils directly in modern 
diesel engines, early studies suggested that many major problems such as 
deposit formation, carbonization of injection tip, ring sticking, poor fuel 
atomization, and incomplete combustions. [4-8], could arise owing to very 
high viscosity and long carbon chains of vegetable oils. To overcome these 
drawbacks, the trans-esterification process was suggested as early as 1853 by 
Duffy and Patrick to convert the triglycerides of vegetable oils into small 
molecules which are considerably less viscous and easier to burn [2]. The 
resulting molecules are monoalkyl esters, which have similar physical 
properties as fossil diesel, and are named as “Biodiesel”.  
     In recent years, biodiesel has received considerable attention as an 
alternative fuel for future transportation systems. It can be blended with diesel 
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fuel in any proportion and be used in diesel engines without any major 
modifications [9]. With the rapid development and commercialization of 
biodiesel, much research has been devoted to biodiesel production, from 
technical studies to economical and feasibility analysis [10-18]. Generally, 
biofuel can be divided into three categories: first, second and third generation 
biofuel [19]. For biodiesel (one of the biofuels), first generation biodiesel 
refers to the biodiesel produced from vegetable oils or animal fats via the 
trans-esterification reaction of triglycerides with alcohol (methanol or ethanol) 
in the presence of alkali as a catalyst (potassium hydroxide or sodium 
hydroxide). Derived biodiesel is a mixture of constitutive methyl esters, and it 
is commonly named after its feedstock oil such as rapeseed methyl ester 
(RME), soy methyl ester (SME), and palm methyl ester (PME). The second 
generation biofuel is generally produced from lignocellulosic feedstock like 
forest products, agricultural residues, and dedicated energy crops such as 
hybrid poplar, willow and switch grass. With the advance of biofuel 
technology, algal biodiesel emerged which was later categorized into the third 
generation biofuel. Comparing various types of biofuels, algal biodiesel is not 
as competitive as others due to its low yield rate and high production cost, and 
it can become significant only if provided with strong government support 
from a developed economy [20].  
     Biodiesel becomes a popular and promising alternative fuel owing not only 
to it being renewable and sustainable, but also to its environmental benefits. 
Biodiesel is biodegradable, carbon neutral, and it does not produce any toxic 
gases [19, 21]. As an oxygenated fuel, the use of biodiesel creates cleaner 
combustion, which significantly lowers the unburned hydro-carbon (HC), 
particulate matter (PM) and carbon monoxide (CO) emissions [9, 22-29]. 
Despite numerous merits of biodiesel, there are also some drawbacks which 
restrict its widespread application especially in its neat form. Many 
experimental investigations revealed that a slight increase in the nitrogen 
oxides (NOx) emission was observed when biodiesel was used [30-38]. 
Studies have been trying to find out the underlying reasons for the slightly 
increased NOx emission, and it is suggested that the NOx increase is the result 
of a few coupled factors but not determined by a change in a single fuel 
property [35].  Furthermore, the higher viscosity and lower volatility of 
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biodiesel tend to suppress the fuel spray, atomization and mixture formation 
processes, which results in slower burning and longer combustion duration [22, 
36, 39]. In conjunction with the reduced heating value of biodiesel, the power 
output derived from biodiesel combustion is lowered, which leads to the 
deterioration in fuel economy [22, 40]. 
     To tackle the increased NOx emissions and reduced power issues associated 
with biodiesel combustion, many new combustion strategies have been 
proposed. For instance, low temperature combustion (LTC) is frequently 
studied to achieve a simultaneous reduction of NOx and soot formations [41-
43]. A direct approach to achieve LTC is through creating low equivalence 
ratio combustion environments with the use of high exhaust gas recirculation 
(EGR) rate. Other LTC strategies include Homogeneous Charge Compression 
Ignition (HCCI) and Premixed Charge Compression Ignition (PCCI). 
However, several practical problems are shown to limit their application such 
as the difficulty to achieve ideal homogeneous charge, the occurrence of 
knock at high engine loads and the difficulty in controlling the start of 
combustion timing [44]. Most recently, an improved combustion strategy 
known as Reactivity Controlled Compression Ignition (RCCI) has been 
demonstrated by Reitz’s group at ERC with dual fuel combustion [45]. 
Tailored combustions can be achieved by employing the port fuel injection of 
a low reactivity fuel (gasoline), coupled with optimized in-cylinder injection 
of a more reactive fuel (diesel). Experimental results indicated that RCCI 
could significantly extend the operable load range of HCCI or PCCI. 
Meanwhile, improved engine performance with reduced emissions was also 
achieved. As reported in the literature, other pairs of dual fuel combustion 
were also examined by different researchers for the combustion of natural gas 
(NG) and diesel [46], NG and biodiesel [47], hydrogen and diesel [48], 
hydrogen and biodiesel [49]. Comparing the various combustion strategies, 
hydrogen assisted dual fuel combustion seems very promising to substantially 
improve the combustion process of biodiesel and increase the engine thermal 
efficiency with reduced emissions. However, to date, most of the previous 
work on hydrogen assisted dual fuel combustion has been focusing on 
experimental studies such as the parametric study of hydrogen induction rate 
on diesel/biodiesel’s combustion characteristics, whereas limited studies have 
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involved numerical modeling. As such, the present study is an attempt to 
perform a detailed numerical simulation coupled with detailed chemical 
kinetics to obtain better insights into the performance, combustion and 
emission characteristics of a hydrogen assisted dual fuel combustion. 
     Numerical simulation plays an important role in engine studies. Accurate 
computational fluid dynamics (CFD) simulations can provide better insights 
into the three dimensional fuel oxidation and emission formation processes, 
for which experimental studies could not easily achieve. Among the various 
types of CFD simulation software, KIVA4, the latest version of open source 
code in the KIVA family, is the most frequently used in academia for engine 
studies. The KIVA4 code was specially developed to simulate the thermal and 
fluid processes taking place inside a combustion chamber [50]. Principal 
models of KIVA4 account for the turbulence, liquid fuel spray, break up, 
collision and coalescence, and multicomponent fuel evaporation models which 
have been extensively validated against various experiments. 
     However, as new combustion strategies and alternative fuels are being 
developed, the current simulation software seems to be “outdated” because 
many of the previous engine models have been focusing on the combustion of 
conventional fuels such as diesel and gasoline. Furthermore, most of the 
models are still adopting the global reaction mechanism which only includes 
the products of complete combustion. As such, the total heat release rate is 
often overestimated, leading to poor prediction accuracies. Although skeletal 
chemical models for alternative fuels are available for some latest commercial 
software like FORTÉ and CHEMKIN Pro, in the author’s opinion, they are 
not meant for users’ intervention and modifications. This is especially so when 
special needs are required since different biofuels produced from various 
feedstocks are quite different both in terms of physical and chemical 
properties, and the resulting combustion processes are also different. Hence, to 
ensure an accurate prediction, it is important to extend the existing combustion 
chemistry calculations of KIVA4 to include comprehensive and reliable 
reaction mechanisms for a variety of biodiesel fuels. At the same time, 
accurate physical properties of those biodiesel fuels should be predicted and 
included in the KIVA4 fuel library for a better representation of biodiesel fuels 
during the liquid fuel spray calculations. 
5 
 
1.2 Objectives and Approach 
The primary objective of this study is to construct a comprehensive biodiesel 
combustion model for CFD engine simulations. This requires the development 
of a reaction mechanism which is able to describe the combustion and 
emission formation processes of biodiesel, diesel and their blend fuels with 
CO, NOx and soot formation kinetics embedded. The mechanism generation 
process can be achieved by combining various mechanism reduction strategies 
such as directed relation graph with error propagation and sensitivity analysis 
(DRGEPSA), peak concentration analysis, isomer lumping, sensitivity 
analysis, unimportant reactions elimination and reaction rate adjustment 
methods. Subsequently, extensive validations are performed for the developed 
skeletal reaction mechanism with 0-D ignition delay testing and 3-D engine 
simulations. Furthermore, for a more realistic representation of biodiesel fuel, 
physical properties for the five major methyl esters of biodiesel are predicted 
using various semi-empirical models, and results obtained are integrated into 
the KIVA4 fuel library for liquid fuel spray calculations. 
     Another research objective is to get a better understanding of the 
performance, combustion and emission characteristics of a diesel engine 
fueled by biodiesel under various engine operating conditions, and to discern 
the underling factors contributing to the changes. To do that, extensive 
experimental and numerical investigations have been performed on a 4-
cylinder light duty diesel engine fueled by waste cooking oil biodiesel, diesel 
and their blend fuels under different engine speeds and loads. Various 
performance indicators and exhaust emissions have been carefully measured, 
compared and analyzed.  
     Based on the findings from the above study, the third objective is to 
explore the feasibility of a proposed combustion strategy: hydrogen assisted 
biodiesel combustion, aiming to improve the combustion process of biodiesel 
with reduced emissions. A numerical simulation has been carried out to study 
computationally the combustion and emission characteristics of a diesel 
engine fueled by biodiesel with supplementary hydrogen induction. A skeletal 
reaction mechanism has been developed to take into account the reaction 
kinetics of both biodiesel and hydrogen with CO, NOx and soot formation 
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kinetics embedded. Simulations have been performed for biodiesel 
combustion with 0.0, 0.5, 1.0, 2.0 and 3.0 vol % of H2 in air. 
 
1.3 Outline of Thesis 
This thesis consists of seven chapters. A brief introduction is presented in 
Chapter 1. Chapter 2 presents the physical properties of biodiesel methyl 
esters calculated from various semi-empirical models before being 
implemented into CFD simulations. A new generalized correlation is also 
presented for accurate vapor pressure predictions. Chapter 3 describes the 
development of a skeletal reaction mechanism for biodiesel combustion 
modeling. Emission sub-models and the validation process are also briefly 
discussed. Chapter 4 starts with a literature review on different spray and 
combustion sub-models that are used in the KIVA4 code, followed by a 
detailed discussion on the major modifications made to the existing sub-
models such as the fuel break up model and combustion model for better 
prediction accuracies. Chapter 5 presents the detailed experimental and 
numerical investigations on biodiesel’s performance, combustion, and 
emission characteristics under various engine operating conditions. The 
impact of engine speed, engine load and biodiesel blend ratio on the 
combustion and emission formation processes are carefully evaluated. Chapter 
6 describes a study to determine numerically the feasibility of hydrogen 
assisted dual fuel combustion, a strategy to improve the combustion process of 
biodiesel and increase in its thermal efficiency. In Chapter 7, the major 
findings and important aspects of this research are summarized, and some 








Chapter 2 Biodiesel Chemical and Thermo-Physical Properties  
2.1 Introduction 
Biodiesel can be derived from vegetable oil or animal fats via trans-
esterification process. The major components of biodiesel are the fatty acid 
methyl esters which feature the ester functional group and long carbon chains 
[51]. For example, typical soybean, palm or rapeseed derived biodiesel 
consists of five major methyl esters having the molecular structure of R-
(C=O)-O-R
’
, where R and R
’
 are chains of alkyl and alkenyl groups with as 
many as 17-19 carbon atoms [52]. Table 2.1 and Table 2.2 show the chemical 
compositions of palm oil biodiesel by gas chromatography (GC) analysis and 
its basic properties as compared to NO.2 diesel fuel [53]. As can be seen, with 
the differences in their molecular structures, the chemical and thermo-physical 
properties of biodiesel are quite different from those of fossil diesel, which can 
have a significant effect on the fuel atomization, evaporation, and the 
subsequent combustion and emission formation processes. This is especially 
important for numerical studies where the prediction accuracy is highly 
dependent on the fuel properties. Although accurate experimental data [53-56] 
for various properties can be available, it is still difficult to provide all the data 
especially over a large temperature range. Hence, a proper characterization on 
the physical properties of biodiesel using predictive methodologies is desired.  
 
Table 2.1 Chemical compositions of palm oil biodiesel by GC analysis 
Fatty acid methyl ester Mass percentage (%) 
C12:0 (C13H26O2) 0.267 
C14:0 (C15H30O2) 1.434 
C16:0 (C17H34O2) 46.13 
C18:0 (C19H38O2) 3.684 
C18:1 (C19H36O2) 37.47 






Table 2.2 Basic properties of NO.2 diesel and palm oil biodiesel 






Density at 25°C Kg/m
3
 D1298 853.97 864.42 
High heating value MJ/kg D240 45.273 39.837 
Cloud point °C D2500 -5.0 16.0 
Cold filter plugging 
point 
°C D6371 -6.0 12.0 
Kinematic viscosity 
at 40 °C 
mm
2
/s D445 4.33 4.71 
Initial boiling point °C D86 181.5 302.2 
Final boiling point °C D86 384.3 348.9 
Cetane number - D4737 46.3 57.3 
 
     Numerous empirical methods have been proposed to predict the physical 
properties of a fuel. Allen and his coworkers [57] proposed a method which 
was verified experimentally to predict the viscosities of biodiesel fuel at 40 
degrees Celsius based on the carbon atoms as well as the number of double 
bonds. A similar work was also done by Marrero-Morejon and Pardillo-
Fontdevila [58] where a more generalized method was developed to predict 
the liquid viscosity of pure organic compounds at ambient temperature (20 
degrees Celsius) by using group-interaction contributions. Shu et al. [59] 
proposed a method to predict the surface tension of biodiesel fuels at 313 K 
using a mixture topological index method. And most recently, Ramirez-
Verduzco et al. [60] developed four new empirical correlations to estimate the 
cetane number, kinematic viscosity, density, and higher heating value of fatty 
acid methyl esters from their molecular weight and the degree of unsaturation. 
From the above we can see, most of the predictions are either for a specific 
fuel property, or only valid at a fix temperature, or over limited temperature 
ranges. However, for combustion modeling, detailed physical properties of a 
fuel should be provided from the lowest expected temperature to the critical 
temperature of the fuel. Among the literatures, a relatively more detailed 
documentation of physical properties prediction was done by Yuan et al. [61]. 
In their work, the critical properties, vapor pressure, latent heat of 
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vaporization, density, surface tension, and liquid viscosity of biodiesel was 
predicted and compared with published data available. However, the physical 
properties considered in this study were still not complete for combustion 
modeling. Furthermore, the predicted results were only compared and reported 
for biodiesel but not for the pure methyl esters, and it is believed that it is of 
critical importance to accurately predict the physical properties for each pure 
methyl ester before the mixing rules can be applied. Hence, the objective of 
this chapter is to do a more complete prediction on the physical properties of 
the five major methyl esters of biodiesel. Calculated results can be integrated 
into any multi-dimensional CFD software (especially for KIVA4) for biodiesel 
combustion simulations with a more realistic representation of biodiesel fuel.  
 
2.2 Physical Properties Prediction Models 
Table 2.3 (see next page) shows the chemical formula, molecular weight, 
number of atoms and molecular structure of the 5 typical methyl esters of 
biodiesel. These data will be used for the latter physical properties predictions.  
For each physical property, various prediction methods are introduced during 
each sub-section. 
 
2.2.1 Normal Boiling Point 
The normal boiling point of a fluid is the temperature in kelvins at which the 
vapor pressure is equal to one atmospheric pressure. It can be predicted using 
the correlation proposed by Yuan et al. [62] as shown below: 
                                         218.49ln( ) 6.933bT CN                                     (2.1) 
where bT is the normal boiling temperature (K); and CN is the number of 
carbon atoms in the methyl esters. 
     Another method is the model proposed by Reid et al. [63] based on the 
group contributions method: 
                                                 198bT b                                              (2.2)           
where b  quantities can be calculated by summing contributions of various 












C17H34O2 270.456 53 
 
C19H38O2 298.514 59 
 
C19H36O2 296.499 57 
 
9-Octadecenoate 
C19H34O2 294.483 55 
 
9,12-Octadecenoate 






2.2.2 Critical Properties 
Critical pressure, critical temperature and critical volume are the three widely 
used pure component constants, which cannot be easily obtained through 
experiments. In physical properties prediction, they are usually used as key 
inputs.  
Ambrose Method 
                                       ])242.1(1[ 1Tbc TT                                    (2.3)                     
                                           2)339.0( Pc MP                                      (2.4)                             
                                                    VcV 40                                           (2.5)                                 
where cT  is the critical temperature (K); cP  is the critical pressure (bar); M is 
the molecular weight (g/mol) and cV  is the critical volume (cm
3
/mol). The T , 
P , and V  values can be calculated by summing the group contributions of 
various atoms or groups of atoms listed in [63]. 
Joback Method 
                               
12 ])(965.0584.0[

  TTbc TT                      (2.6) 
                                     2)0032.0113.0( PAc nP                             (2.7) 
                                               VcV 5.17                                             (2.8)        
The units employed in Joback method are the same as those in Ambrose 
method. 
Fedors Method 
     Fedors group contribution method is only valid for critical temperature 
prediction. The advantage of this method is it does not require the normal 
boiling point. The drawback of this method is that it is less accurate compared 
to the other two methods mentioned above.  
                                                TcT log535                                           (2.9) 
The T  values can be calculated by summing the group contributions of 





2.2.3 Vapor Pressure 
Lee-Kesler Method 
     The Lee-Kesler method [63] is one of the very successful methods to 
predict the vapor pressure. It requires the knowledge of critical pressure, 
critical temperature and acentric factor of the fluid as inputs.  
                                     )()(ln
)1()0(
rrvpr TfTfP                                      (2.10)       






f                (2.11) 






f                   (2.12) 
where vprP  is the reduced vapor pressure = cPP /  ;   is the acentric factor 
which can be found in [63, 64] or computed using Eqn.2.13;  rT  is the reduced 
temperature = cTT / . 
                                                        


                                                    (2.13)  
where  
             61 169347.0ln28862.109648.697214.5ln   cP     (2.14) 
                      61 43577.0ln4721.136875.152518.15              (2.15)  





                                                  (2.16) 
Ambrose-Walton Corresponding States Method 
                               )()()(ln
)2(2)1()0(
rrrvpr TfTfTfP                         (2.17)   




)0( 06841.160394.029874.197616.5             (2.18) 




)1( 46628.741217.511505.103365.5             (2.19)  




)2( 25259.326979.441539.264771.0            (2.20) 









                                 (2.21) 
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where   is the acentric factor calculated using Eqn.2.21; brT is the reduced 
temperature at normal boiling temperature; and brT1 .  
Data Compilation 
     The vapor pressure can also be found in Data Compilation expressed using 
the extended Antoine equation. 
                                      ln ln Evp
B
P A C T DT
T
                                   (2.22)   
where 
vpP  is the vapor pressure (Pa); the values of A, B, C, D and E can be 
found in [64]. 
 
2.2.4 Latent Heat of Vaporization 
Pitzer acentric factor correlation 
     Pitzer et al. showed that vH  can be correlated to cT , rT , and   expressed 
by the following equation [63]. 







                     (2.23) 
where vH  is the latent heat of vaporization (J/mol); and R is the gas constant. 
     However, for a close correlation, the above formula should be used for high 
temperature predictions where 0.16.0  rT as claimed in [63].  
Fish and Lielmezs method 
     To predict the latent heat of vaporization at low temperatures, Fish and 
Lielmezs suggested another formulation as shown below [63]: 















                                     (2.24) 















                                             (2.25) 
where vbH  is the latent heat of vaporization at the normal boiling point 
which can be calculated using the formulations below; and parameters q  and 
p  are 0.35298 and 0.13856 respectively for Inorganic and organic liquids. 
Data Compilation 





                                  (2.26) 
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where vH  is the latent heat of vaporization (J/kmol). The constant values of 
A and B can be found in Data compilation [64]. 
vbH  at the Normal Boiling Point 
Giacalone equation [65]: 











                         (2.27) 
here vbZ  is set to be unity. 
Riedel method [65]: 












                         (2.28) 
Chen method [65]: 












                (2.29) 
Vetere method [65]: 













TRTH          (2.30) 
 
 
2.2.5 Liquid Density 
Rackett equation [63] 
                                                   

RARSS ZVV                                              (2.31) 
                                         7/27/2 )1()1( Rrr TT                                  (2.32) 
where RSV   is the experimental SV at reference temperature RT ; RrT  is the 
reduced temperature at reference temperature RT ; and RSV   is a unique 
constant for each compound. 
The above formula can be transformed into 







                                                 (2.33) 
where R  is the experimental density value (g/cm
3
) at reference temperature 
RT .  
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     To find out the value of RAZ , another experimental density value at a 
different temperature should be required besides the experimental density 
value at the reference temperature RT . 
Data Compilation 




                                           (2.34) 
where   is the liquid density (kmol/m3), and the constant values of A, B, C 
and D can be found in the Data Compilation [64]. 
 
2.2.6 Liquid Viscosity 
Orrick and Erbar Method 
     This method [63] employs a group contribution method which is suitable to 
estimate the liquid viscosity at low temperatures )75.0( rT . It assumes a 
linear relationship between the logarithm of viscosity and the reciprocal of 
temperature. 








ln                                           (2.35) 
where L  is the liquid viscosity (cP); L is the liquid density at 20 °C (g/cm
3
); 
the constant values of A and B should be calculated using the group 
contribution method in [63]. 
Letsou and Stiel method 
     Above the reduced temperature of about 0.7, the assumption that Lln is a 
liner function of the reciprocal absolute temperature is no longer valid. Hence 
the following method [63] should be applied. 
                                          )1()0( )()(  LLSL                                   (2.36) 
                             )309.1725.3648.2(10)(
23)0(
rrL TT 
                     (2.37) 
                             )933.539.13425.7(10)(
23)1(
rrL TT 
                      (2.38) 







                                       (2.39) 
where SL  is the liquid viscosity (cP). 
Data compilation 
     The liquid viscosity can also be found in Data Compilation: 
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                                            TCTBAL ln/ln                                    (2.40) 
where L  is the liquid viscosity (Pa*s), and the constant values of A, B and C 
can be found in Data Compilation [64]. 
 
2.2.7 Liquid Thermal Conductivity 
Latini, et al. Method [63] 








                                           (2.41)     









                                               (2.42)  
where L is the liquid thermal conductivity (W/m.K); parameters 
*A ,  ,  , 
and   can be found in [63]; for esters, the parameters *A ,  ,  , and   are 
0.0415, 1.2, 1.0, and 0.167 respectively. 
Boiling Point Method 
     Sato [63] suggested that, at the normal boiling point,  





TbL                                               (2.43) 
where )( bL T  is the thermal conductivity of the liquid at the normal boiling 
point (W/m.K). 
To estimate L  at other temperatures, the Riedel equation shown below can be 
used: 
                                          ])1(203[ 3/2rL TB                                       (2.44)         
Combing the above equations, we have: 












                            (2.45)     
Data Compilation 
                                                   BTAL                                                (2.46) 





2.2.8 Gas Diffusion Coefficients 
Fuller et al. Method 











                       (2.47)       
                                          1)]/1()/1[(2  BAAB MMM                              (2.48)   
where ABD is the binary diffusion coefficient (cm
2
/s); P is pressure (bar); AM
and BM are molecular weights of A and B respectively (g/mol), and v can 
be calculated by summing atomic diffusion volumes in [63]. 
Handbook of Transport Property Data 
     The diffusion coefficients in air can also be calculated from the handbook 
of transport property data [66] by the expression written as a function of 
temperature: 
                                                 2CTBTADA                                      (2.49) 
where AD is the diffusion coefficient in air (cm
2
/s), and the constant values of 
A, B and C can be found in the handbook. 
 
2.2.9 Surface Tension 
Macleod-Sugden Correlation 












                                   (2.50)               
where  is the surface tension (dyn/cm); ][P can be calculated from [63]; Lb
is the molar liquid density at the normal boiling point (mol/cm
3
); and 4n=1.24 
for other organic compounds [63]. 
Corresponding States Correlation [63] 








                       (2.51) 










                            (2.52)        






     Surface tension values can also be found in Data Compilation as shown 
below: 






                                  (2.53) 
where  is the surface tension (N/m), and the constant values of A, B, C, D 
and E can be found in Data Compilation [64]. 
 
2.3 Estimated Results 
Normal Boiling Point 
     Table 2.4 shows the predicted normal boiling temperature for the five 
typical methyl esters using Eqn.2.1 and 2.2, comparing with the experimental 
results reported in the Ph.D thesis by Rochaya [67] and Data Compilation [64]. 
As seen, the Reid method significantly over-predicts the normal boiling 
temperature for all methyl esters, whereas no difference is observed for the 
predicted normal boiling temperatures using the Yuan’s method from C18:0 to 
C18:3. This is expected since the method proposed by Yuan does not take into 
account the effect of double bonds on the normal boiling temperature of a 
fluid. Hence, in the latter sections, the normal boiling temperature reported by 
Rochaya [67] will be used.  
 




     The results of the predicted critical properties using the Ambrose Method 
(A), Joback Method (J), and Fdeors Method (F) were compared with the data 
reported in Data Compilation (D) as tabulated in Table 2.5. It can be seen that 
the Ambrose Method yields smaller errors on the critical temperature and 
   /Acid Chain C16:0 C18:0 C18:1 C18:2 C18:3 
Rochaya [67] 623.0 625.0 622.0 639.0 642.0 
Eqn.2.1 (Predicted) 612.1 636.4 636.4 636.4 636.4 
Eqn.2.2 (Predicted) 646.6 692.3 696.5 700.7 704.8 
Data Compilation NA NA 617 NA NA 
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Table 2.5 Predicted critical properties 
 C16:0 C18:0 C18:1 C18:2 C18:3 
 cT  cP  cV  cT  cP  cV  cT  cP  cV  cT  cP  cV  cT  cP  cV  
A 782 12.50 1057 774 11.46 1167 772 11.68 1147 795 11.91 1127 801 12.14 1107 
J 782 12.35 1014 775 10.84 1126 774 11.22 1106 798 11.62 1086 805 12.05 1066 
F 771 NA NA 793 NA NA 794 NA NA 795 NA NA 796 NA NA 





critical pressure predictions, while the Joback Method yields a smaller error on 
the critical volume estimation. The same finding was also claimed by Reid 
[63]. As such, the predicted critical pressure and critical temperature using the 
Ambrose Method and the predicted critical volume using the Joback Method 
are considered to be more accurate and will be used in the later calculations.  
 
Vapor Pressure 
     Fig.2.1 compares the vapor pressure predicted using the two prediction 
methods and the vapor pressure reported in Data Compilation for methyl 
oleate. It can be found that the vapor pressure predicted using the Lee-Kesler’s 
method agrees very well with the vapor pressure reported in Data Compilation. 
However, the Ambrose-Walton Method gives large prediction errors over the 
entire temperature domain, which may due to the error resulted from the 
acentric factor predicted using Eqn. 2.21.  
 
Figure 2.1 The comparison of vapor pressure prediction methods for 
methyl oleate 
     Applying the Lee-Kesler’s method, the vapor pressure for the five methyl 
esters were predicted and their results were further converted into the Data 
Compilation format (Eqn.2.22) where the vapor pressure was expressed as a 
function of absolute temperature only (see Table 2.6). The input parameters of 
critical pressure and critical temperature were obtained from Table 2.5, while 
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the acentric factor was predicted using Eqn.2.13. The predicted acentric 
factors for C16:0, C18:0, C18:1, C18:2 and C18: 3 are 0.934, 1.008, 0.998, 
0.998 and 0.977 respectively which agrees well with the data reported by 
Chakravarthy et al. [68]. To verify the accuracy after converting the predicted 
vapor pressure data into the Eqn.2.22 format, the vapor pressure curves were 
compared before and after the conversion for each methyl ester. Fig.2.2 shows 
the comparison of the vapor pressure curve before and after the conversion for 
methyl palmitate. It can be seen that, the vapor pressure curves before and 
after the conversion agree very well with each other.  
 
Table 2.6 Predicted vapor pressure 
 A B C D E 
C16:0 02705.1 E  04818.1  E  01053.2  E  06807.5 E  2  
C18:0 02812.1 E  04905.1  E  01202.2  E  06319.6 E  2  
C18:1 02875.1 E  04915.1  E  01299.2  E  06277.7 E  2  
C18:2 02765.1 E  04910.1  E  01113.2  E  06628.5 E  2  




Figure 2.2 The comparison of vapor pressure before and after the 




Latent Heat of Vaporization 
     In this section, a comparison was made of the latent heat of vaporization 
for methyl oleate, which was computed using two prediction methods:  Pitzer 
Method, and Fish and Lielmezs Method. The same input parameters of critical 
temperature, acentric factor, normal boiling temperature, and latent heat of 
vaporization at the normal boiling point were used. It can be seen from Fig.2.3 
that a better agreement can be observed for the Pitzer Method, where the 
percentage deviation is less than 5% for 7.0rT and increases to about 10% 
when rT reaches 1.0. However, when rT reaches 1.0, the absolute value of the 
latent heat of vaporization becomes so small that the absolute deviation on 
latent heat of vaporization resulted is negligible even though a large 
percentage deviation is observed. Hence, it is believed that the Pitzer method 
is more suitable for use in predicting the latent heat of vaporization. 
 
 
Figure 2.3 The comparison of latent heat of vaporization prediction 
methods for methyl oleate 
 
     Although overall the Fish and Lielmezs Method is less accurate (average 
deviations for Fish and Lielmezes Method and Pitzer Method are 8.67% and 
5.19%, respectively), the prediction accuracy is fairly good when 7.0rT . To 
utilize the Fish and Lielmezs method, the latent heat of vaporization at the 
normal boiling point has to be first calculated using the four prediction 
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methods (Eqn.2.27 to Eqn.2.30) described in section 2.2.4. Hence, in this work, 
the four prediction methods were also analyzed. The predicted latent heat of 
vaporization at the normal boiling point of methyl oleate was compared with 
that in Data Compilation as shown in Table 2.7. As can be seen, Chen’s 
Method gives the least prediction error where only 1% deviation is found.  
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     The Rackett Method is a very successful model for liquid density 
estimation. To accurately estimate the liquid density over a large temperature 
range, two experimental densities at two different temperatures are required. 
Table 2.8 shows the reference densities of the five typical methyl esters at two 
different temperatures [55, 69].  
Table 2.8 Reference densities of the five methyl esters 
Acid Chain C16:0 C18:0 C18:1 C18:2 C18:3 
Temperature 313.15 313.15 313.15 313.15 273.15 
Density 0.8508 0.8498 0.8595 0.8715 0.895 
Temperature 353.15 353.15 353.15 353.15 800.75 
Density 0.821 0.8209 0.8307 0.8425 0.2745 
 
     Based on Eqn.2.33, the densities of the methyl esters were calculated and 
tabulated in Table 2.9. To verify the accuracy of the Rackett Method, the 
predicted liquid density of methyl oleate was compared with the liquid density 
reported in Data Compilation from 300K to the critical temperature as shown 
in Fig.2.4. Although a slightly noticeable difference is observed at the 
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temperature reaching to the critical temperature, very good agreement has 
been obtained over a large temperature range, confirming that the Rackett 
Method is accurate enough to predict the liquid density.  
 
Table 2.9 Predicted liquid density 















































     To evaluate the liquid viscosity prediction models introduced in Section 
2.2.6, the predicted liquid viscosity was compared with the liquid viscosity 
values reported in Data Compilation from the lowest expected temperature to 
the normal boiling temperature for methyl oleate as shown in Fig.2.5. It can be 
seen from Fig.2.5 that a significant deviation in the liquid viscosity prediction 
has been found within the lower temperature range when the Letsou and Stiel 
Method is applied, whereas, the results obtained by Orrik and Erbar Method is 
very close to the liquid viscosity reported in Data Compilation over the entire 
temperature domain. Hence, it is believed that the Orrick and Erbar Method is 
more suitable for the liquid viscosity estimation over a large temperature range.  
 
 
Figure 2.5 The comparison of liquid viscosity prediction methods for 
methyl oleate 
 
Based on this method, the constant values of A, B for each methyl ester were 
calculated by summing the contributions for various atoms or groups of atoms 
as shown in [63], and the liquid density at 20 degrees Celsius for each methyl 
ester was also calculated based on Table 2.9. The calculated results are 




Table 2.10 Calculated constant values for liquid viscosity prediction 
Acid 
Chain 
C16:0 C18:0 C18:1 C18:2 C18:3 
L  0.86541 0.86395 0.87384 0.88570 0.88346 
A  -11.31 -11.73 -10.83 -9.93 -9.03 
B  2279 2477 2099 1721 1343 
 
Liquid Thermal Conductivity 
     Fig.2.6 compares the predicted liquid thermal conductivity using various 
methods with the liquid thermal conductivity reported in Data Compilation for 
methyl oleate. It can be found that from the lowest expected temperature to the 
normal boiling temperature, the predicted liquid thermal conductivity using 
the Latini et al.’s Method matches very well with the data reported in Data 
Compilation. On the other hand, the Boiling Point Method generally over-
predicts the liquid thermal conductivity by 10 to 17%.  
 
 
Figure 2.6 The comparison of liquid thermal conductivity prediction 
methods for methyl oleate 
 
     Based on Latini et al.’s Method, the liquid thermal conductivity for the 
other four methyl esters was calculated and was further converted into the data 
compilation format (Eqn.2.46). The calculated constant values of A and B in 
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Eqn.2.46 are tabulated in Table 2.11. To verify the accuracy after converting 
the predicted liquid thermal conductivity into the Eqn.2.46 format, the liquid 
thermal conductivity curves were compared before and after the conversion 
for each methyl ester. Fig.2.7 shows the comparison of liquid thermal 
conductivity curve before and after the conversion for methyl palmitate. It can 
be seen that, the liquid thermal conductivity curves before and after the 
conversion agree very well with each other. Similar agreements have been 
obtained for the other methyl esters. 
 
Table 2.11 Predicted liquid thermal conductivity 
 C16:0 C18:0 C18:1 C18:2 C18:3 
A  1546.0  1411.0  14015.0  1463.0  1471.0  
B  4439.1  E  4331.1  E  1.332 4E 
 
4334.1  E  433.1  E  
 
 
Figure 2.7 The comparison of liquid thermal conductivity before and 
after the conversion for C16:0 
 
Gas Diffusion Coefficients 
     In this section, the accuracy of the Fuller et al. Method on gas diffusion 
coefficients prediction will be evaluated. Fig.2.8 compares the predicted gas 
diffusion coefficients of methyl oleate in air under atmospheric pressure with 
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the data reported in the Handbook of Transport Property Data. Fuller et al.’s 
Method only slightly over-predicts the gas diffusion coefficients by 2% to 4% 
over a large temperature domain, confirming that the Fuller et al. Method is 
suitable for the gas diffusion coefficients prediction. Based on Eqn.2.47, the 
gas diffusion coefficients were calculated for all the five methyl esters and 
were expressed as a function of temperature only as shown in Table 2.12.  
 
Figure 2.8 The verification of gas diffusion coefficients prediction method 
for methyl oleate 
Table 2.12 Predicted gas diffusion coefficients 













     The predicted surface tension of methyl oleate using the two empirical 
correlations were compared with the surface tension data reported in Data 
Compilation as shown in Fig.2.9. It can be seen that the Corresponding States 
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Correlation is more accurate for the prediction compared to the Macleod-
Sugden Correlation. The percentage deviation resulted from the 
Corresponding States Correlation increases with the decreasing temperature, 
and the largest percentage deviation is about 3% at the temperature of 300K.  
 
 
Figure 2.9 The comparison of surface tension prediction methods for 
methyl oleate 
Based on this method, the surface tension was calculated for all the five 
methyl esters and the results were expressed as a function of temperature as 
shown in Table 2.13.  
 
Table 2.13 Predicted surface tension 
Methyl esters Surface Tension 
C16:0 9/11)01.782/1(6360.50 T  
C18:0 9/11)02.774/1(4631.49 T  
C18:1 9/11)00.764/1(8376.55 T  
C18:2 9/11)08.795/1(7066.50 T  
C18:3 9/11)75.800/1(1895.51 T  
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2.4 Application of Mixing Rules 
As mentioned above, biodiesel is never a pure substance but a mixture of 
methyl esters. Due to the differences in the concentrations of each methyl ester, 
the physical properties of biodiesel derived from various types of feedstock 
also differ from each other. For a better representation of the multi-component 
fuel properties, mixing rules as shown in Eqn.2.54 should be utilized [70]. 
When applying the mixing rules, arithmetic mean (Eq.2.55) is used to obtain 
energy parameters (e.g. temperature) and geometric mean (Eq.2.56) can be 
applied to calculate the size parameters (e.g. volume).    
                                               
m i j ij
i j
Q y y Q                                         (2.54) 








                                                    
m i i
i
Q y Q                                            (2.55) 
                                                   
1/2( )ij ii jjQ Q Q  
                                                  1/2 2( )m i i
i
Q y Q                                         (2.56)                                      
where mQ  is the property of the blend, ijQ is the mean property; iiQ and jjQ are 
the properties for each pure component; iy and jy  are the volumetric ratios of 
each pure component.   
 
2.5 A New Generalized Correlation for Accurate Vapor Pressure 
Prediction 
The vapor pressure or equilibrium vapor pressure is a good indication of a 
liquid’s evaporation rate. In numerical simulations, a change in fuel vapor 
pressure may result in significant changes in the fuel atomization and 
evaporation rates, and thereby the subsequent combustion and emission 
formation processes. While experimental results are essential for overall 
comparisons, it is very difficult if at all possible to provide all the necessary 
data for individual fuel components especially over a large temperature 
domain. There exist in the literature some methodologies to predict the vapor 
pressure. As mentioned in Section 2.2.3, the Lee-Kesler method is one of the 
more successful methods to predict vapor pressure based on the theory of 
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corresponding states correlation. Another similar method is the Ambrose-
Walton Corresponding States Method which predicts the vapor pressure based 
on the critical pressure, critical temperature and the normal boiling 
temperature of the fluid. Tu [71] developed a group-contribution method 
presented as four–constant expressions to predict the vapor pressure of organic 
liquids, and an average absolute percentage deviation of 5.0% was reported. 
The major advantage of this method was that it permitted the vapor pressures 
to be calculated over a broader pressure range with no input of physical 
properties. However, it still required the input parameters of group numbers 
and molecular weight of the compound. Moreover, compared to the Lee-
Kesler’s method and the Ambrose-Walton Corresponding States Method, it is 
believed that Tu’s group contribution method is more complex to use if the 
critical temperature, critical pressure and acentric factor (or the normal boiling 
temperature) of the fluid are available. The vapor pressure can also be easily 
calculated based on the Antoine equation [63] which is expressed as a function 
of absolute temperature. Due to the simplicity of Antoine equation, it is widely 
used in the oil industries [62]. However, to predict the vapor pressure over a 
large temperature domain, huge or even unacceptable errors were found. 
Hence, a careful selection of the prediction method is of critical importance.  
In this section, various vapor pressure prediction methods will be reviewed 
and compared. A new prediction method will then be presented which permits 
the vapor pressures to be calculated over a broad temperature and pressure 
ranges with very good prediction accuracies. The proposed method is 
modified based on the Lee-Kesler’s method, and a fuel dependent parameter 
“A” is introduced. 
 
2.5.1 Comparison of Various Vapor Pressure Prediction Models 
Besides the aforementioned Lee-Kesler method and Ambrose-Walton 
Corresponding States Method, there are another two methods which are 
commonly used to predict the vapor pressure of a liquid namely: Antoine 
vapor pressure correlation and Tu’s group contribution method.  
Antoine vapor pressure correlation 
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     The Antoine vapor pressure correlation was modified based on the 
Clapeyron equation. It has been widely used to estimate the vapor pressure 
over limited temperature ranges [63]. The proposed correlation is shown 
below: 





ln                                       (2.57) 
where, vpP  is the vapor pressure (bars), T is the absolute temperature (K) and 
the constant values of A, B and C for some species are tabulated in Appendix 
A in [63]. The constant values A, B and C for some methyl esters are also 
reported in [62]. 
Tu’s Group Contribution Method 
     Tu’s vapor pressure prediction method was proposed based on the classical 
group-contribution concepts and it was developed based on the Clausius-
Clapeyron equation [65].  
                           
i
iiiii QTdTcTbaNPM )]ln/([)ln(               (2.58) 
where P is the vapor pressure (kPa), 100/)(KTT  , )(KT is the temperature 
(K), M is the molecular weight, ia , ib , ic , id  are the predictive group 
constants of group i , and Q  is the specific compound correction which is 
expressed as below:  





iiqQ                                            (2.59) 
For 1i : structure term: 
esbscs NsNsNss 32101   alkylbenzenes                                            (2.60) 
11   others 
For non-ring compounds:    
TTTq nnnn 11111 ln/                                                                  (2.61) 
For ring compounds: 
TTTq rrrr 11111 ln/                                                                   (2.62) 






2102 cmcmcmcm NfNfNfNff                                               (2.63) 
TTTq 22222 ln/                                                                      (2.64) 
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where 1 is the structural correction factor, 2 is the functional group 
correction factor, 1q is the structural correction, 2q is the functional group 
correction, csN  is the number of carbon atoms on the alkyl-substituent, bsN is 
the number of branched alkyl-substituents, esN is the number of neighboring 
alkyl-substituents, cmN  is the number of carbon atoms and others are constants  
which can be found in [71]. 
     In the following paragraphs, the vapor pressure predicted using the various 
prediction methods will be compared with the vapor pressure data documented 
in Data Compilation. Two different fuels of Isovaleric acid and n-Heptadecane 
were chosen for the comparison so as to represent a short-chain hydrocarbon 
fluid and a long-chain hydrocarbon fluid respectively. The input parameters 
such as cT , cP and  were obtained from Data Compilation. Constant values of 
A, B and C in the Antoine equation for Isovaleric acid and n-Heptadecane 
were obtained from [63], and constant values of A, B, C, D and E for  the 
extended Antoine equation in Eqn.2.57 were obtained from [64]. Fig.2.10 and 
Fig.2.11 show a graphical representation of the accuracy and reliability of 
various prediction methods for a short-chain hydrocarbon fluid and a long-
chain hydrocarbon fluid respectively. Among the four prediction methods, the 
Antoine expansion vapor pressure correlation is the simplest to use since it is 
expressed as a function of absolute temperature only. However, Reid et al. 
reviewed that the applicable temperature range of the Antoine equation was 
limited and in most instances corresponding to a pressure interval of about 
0.01 to 2 bar [63]. Besides, the constant values of A, B and C are very 
subjective to the selection of the fitted experimental data. Thus, it could be 
very accurate within the tested temperature domain, but it may lead to absurd 
results beyond these limits. So using the Antoine equation to predict the vapor 
pressure over a large temperature domain may result in unacceptable errors as 
shown in Fig.2.10. The Antoine equation significantly under-predicts the 
vapor pressure for Isovaleric acid, whereas for n-Heptadecane, the vapor 
pressure predicted agrees well with data compilation until 9.0rT . For the 
Tu’s group contribution method, even though very good prediction accuracy 
(average errors of 5%) has been reported, the predicted vapor pressures for 
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both Isovaleric acid and n-Heptadecane differ significantly with the vapor 
pressures reported in Data Compilation. Nevertheless, it would be a very 
useful method if the physical properties (such as critical pressure, critical 




Figure 2.10 The comparison of vapor pressure data of Isovaleric acid 





Figure 2.11 The comparison of vapor pressure data of n-Heptadecane 
(C17H36) calculated using different methods 
Both the Lee-Kesler’s method and the Ambrose-Walton method were 
developed based on the classical theory of corresponding states correlation. 
Similar expressions were used except that the latter introduced a third term 
based on the former. It can be seen from Fig.2.10 and Fig.2.11 that Lee-
Kesler’s method gives much better prediction accuracies than the Ambrose-
Walton method. For Isovaleric acid, there is even no noticeable difference 
(coincide with each other) between the vapor pressure predicted using the Lee-
Kesler’s method and the vapor pressure reported in data compilation as shown 
in Fig.2.11. The large undesirable prediction errors from the Ambrose-Walton 
method may be because the acentric factor used in this method has to be 
predicted using Eqn.2.21 instead of using the reported acentric factor value 
from data compilation. But it is worth noticing that the acentric factor 
predicted using Eqn.2.21 is based on the physical meaning of normal boiling 
point, i.e. at the normal boiling temperature, the vapor pressure of the fluid 
equals to the atmosphere pressure. And this is not reflected in the Lee-Kesler’s 
method. Furthermore, the Lee-Kesler’s method requires the knowledge of the 
critical pressure as an input which cannot be easily obtained through 
experiments. Based on the findings described above, a new prediction method 
which utilizes critical temperature, normal boiling temperature, and acentric 
factor is proposed. 
 
2.5.2 A New Prediction Method 
The normal boiling point of a substance is defined as the temperature at which 
the vapor pressure of the liquid equals to the atmospheric pressure. It is the 
basis for the prediction of the temperature-dependent properties such as vapor 
pressure [62]. Hence, a good vapor pressure prediction method should satisfy 
the criterion that at the normal boiling point, the predicted vapor pressure 
equals the atmospheric pressure. Based on this theory, a new prediction 
method is proposed based on the Lee-Kesler’s method, and a fuel dependent 
constant parameter “A” is introduced as expressed below. 
                                     )()()ln(
)1()0(
rrvp TfTfAP                                 (2.65)              
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where vpP is the vapor pressure (pascal),   is a fuel dependent constant 
parameter, )()0( rTf  and )(
)1(
rTf can be calculated using Eqn.2.11 and 
Eqn.2.12.  
      To find the fuel dependent constant parameter “A”, )()0( rTf  and )(
)1(
rTf  
can first be calculated at the normal boiling temperature of the fluid using 
Eqn.2.11 and Eqn.2.12 respectively. By integrating the calculated )()0( rTf and 
)()1( rTf values at brT  into Eqn.2.65, the vapor pressure vpP should be equal to 
the atmospheric pressure (
51001325.1 vpP ) as discussed previously. In this 
way, the fuel dependent parameter “A” can then be found. Do notice the 
difference that in the new proposed method (Eqn.2.65) vpP  is the absolute 
vapor pressure of the fluid instead of the reduced vapor pressure as shown in 
the Lee-Kesler’s method.  
 
2.5.3 Model Validation 
In this section, the new prediction method is validated by comparing the 
predicted vapor pressure with the vapor pressure reported in Data Compilation. 
For each compound, the lower temperature limit is chosen to be 300 K or the 
temperature at which the vapor pressure is equal to 0.1 Kpa whichever is 
higher, the upper temperature limit is chosen to be the critical temperature and 
the interval is chosen to be 10 K.  By using the proposed method, the vapor 
pressure has been calculated for 42 organic liquids over 1366 data points with 
an overall average absolute percentage deviation of 1.95%. Fig.2.12 to 
Fig.2.16 shows the graphical representation of the accuracy and reliability of 
the new proposed method from a short-chain hydrocarbon liquid to a long-
chain hydrocarbon liquid. Table 2.14 (see page 37) shows the average absolute 
percentage deviation calculated for each of the 42 compounds.  
     From Fig.2.12 to Fig.2.16 we can see that, the predicted vapor pressure 
using the new method agrees very well with the data compilation. A slightly 
large prediction error was found for heavy hydrocarbon fluid like n-
Heptadecane. Comparing Fig.2.10 and Fig.2.13, we can see the new method 
predicts as good as the Lee-Kesler’s method (no noticeable difference can be 
observed between the predicted vapor pressure and the vapor pressure reported
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1.430% 1.666% 2.397% 1.147% 1.497% 4.669% 
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 in Data Compilation), however, the new method is more physically 
meaningful since it always makes sure that at the normal boiling temperature, 
the predicted vapor pressure equals to the atmosphere pressure.  
 
 




























In this chapter, a detailed physical properties prediction has been performed 
for the five typical methyl esters of biodiesel. For each physical property, 
various prediction models were compared and the best prediction model has 
been identified. In line with the objective of this dissertation, calculated 
properties can be used as the key references for biodiesel combustion 
modeling. Particular in this study, they were integrated into KIVA4 code for a 
better representation of biodiesel fuel properties. Furthermore, a new vapor 
pressure prediction method is proposed based on the Lee-Kesler’s method, and 
a fuel dependent constant parameter “A” is introduced. The fuel dependent 
parameter “A” can be found by using the physical meaning of normal boiling 
point, i.e., at the normal boiling temperature, the vapor pressure of the fluid 
equals to the atmospheric pressure. To validate the proposed method, the 
vapor pressures of 42 organic compounds with 1366 data points have been 
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Biodiesel derived from vegetable oil or animal fats consists of many fatty acid 
methyl esters. As described in Section 2.1, typical biodiesels derived from 
soybean or rapeseed oil consist of five major methyl esters having the 
molecular structure of R-(C=O)-O-R
’
 with long carbon chains. Compared to 
typical diesel surrogates such as n-heptane, the carbon chain of biodiesel is 
much longer and more complex, which results in significant differences on the 
engine performance and emission characteristics. 
     Many experimental studies have been carried out to characterize the effects 
of biodiesel addition to fossil diesel on the emissions of a diesel engine. 
Experimental results show that the use of biodiesel can substantially lower the 
unburned hydro-carbon (HC), particulate matter (PM) and carbon monoxide 
(CO) emissions. However, a slight increase in the nitrogen oxides (NOx) 
emission is reported by most researchers.  Despite experimental investigations, 
numerical simulation also plays an important role in engine research. Accurate 
computational fluid dynamics (CFD) simulations can provide better insights 
into the fuel oxidation and emission formation processes, for which 
experimental studies could not easily achieve. However, to ensure an accurate 
prediction, a comprehensive and reliable reaction mechanism is of critical 
importance.     
     There have been many studies on the development of detailed chemical 
kinetics for biodiesel combustion simulations. One of the earliest attempts was 
done on methyl butanoate (MB) by Fisher et al. [72] because MB possesses 
the essential chemical structural feature of the ester functional group.  
However, the carbon length of MB is much shorter than typical biodiesel 
methyl esters with chains of 16-18 carbon atoms, leading to a poor 
reproduction of the kinetic features of biodiesel fuels. Considering that, a 
detailed reaction mechanism for a larger methyl ester: methyl decanoate (MD) 
was developed by Herbinet et al. [73]. The model was constructed based on 
the same systematic rules established by Curran and co-workers for the 
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oxidation of n-heptane and iso-octane [74, 75], and the developed mechanism 
was able to mimic the earlier formation of carbon dioxide due to the presence 
of ester group in biodiesel fuels. Unlike MD which is a saturated methyl ester, 
most biodiesel methyl ester components are unsaturated with one, two or three 
double bonds. The earlier study concluded that the presence of C=C double 
bond in the biodiesel methyl ester components is responsible for the reduced 
rate of low temperature reactivity, and the amount of reduction compared to 
those saturated methyl esters is roughly proportional to the number of double 
bonds [76]. Hence, to take into account the effect of double bonds, a blend 
surrogate mechanism was developed to be more representative of biodiesel 
fuels [77]. Methyl-9-decenoate (MD9D) was chosen to represent the 
unsaturated methyl ester because its double bond is located at the same 
position as the one in methyl oleate and at the same position as the first double 
bond in methyl linoleate and methyl linolenate. Besides the detailed reaction 
mechanisms discussed above, some detailed chemical kinetics were also 
developed for real biodiesel components: methyl palmitate, methyl stearate, 
methyl oleate, methyl linoleate and methyl linolenate [78, 79]. The resulting 
reaction mechanisms include approximately 3500 species and more than 
17000 chemical reactions. 
     Although these comprehensive reaction mechanisms are very useful, it is 
generally unacceptable to integrate them into three dimensional CFD 
applications due to the extraordinary computational time, huge memory 
requirement and high stiffness. As such, it is often necessary to develop 
skeletal reaction mechanisms by eliminating unimportant species and 
reactions. There exist some skeletal reaction mechanisms in the literature. 
Brakora et al. [80] built a two component biodiesel reaction mechanism (MB 
and n-heptane) to simulate the oxidation of biodiesel. A reduced mechanism 
for MB was first developed from its detailed reaction mechanism. The 
reduction process included peak concentration analysis, reaction pathway 
analysis, sensitivity analysis, and reaction rate adjustment. The reduced MB 
mechanism was then combined with another skeletal mechanism for n-
heptane, and it was assumed that the hypothetical fuel was a mixture 
consisting of one mole of MB and two moles of n-heptane. Based on a similar 
approach, Ng et al. [51] developed a compact biodiesel-diesel reaction 
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mechanism comprising the reaction mechanisms of methyl crotonate (MC), 
MB and n-heptane. It was claimed that the compact reaction mechanism was 
generally able to accurately predict the oxidation, ignition and combustion of 
biodiesel derived from different feedstocks, diesel and their blend fuels. To 
simulate the combustion of real biodiesel methyl esters with long carbon 
chains, Golovitchev and Yang [52] proposed a single surrogate fuel 
(C19H34O2) oxidation mechanism consisting of 309 species and 1472 reactions. 
A global reaction was introduced to decompose the surrogate fuel into three 
constitutive components of n-heptane, toluene (C7H8O) and MB. One feature 
of this mechanism is its ability to predict soot production. Recently, Luo et al. 
[81] developed a tri-component (MD, MD9D and n-heptane) skeletal biodiesel 
reaction mechanism based on the detailed biodiesel reaction mechanism from 
[77]. The reduction process involved direct relation graph (DRG), isomer 
lumping, and DRG-aided sensitivity analysis (DRGASA) methods. The final 
mechanism consists of 115 species and 460 reactions.  
     The objective of the this chapter is to develop a skeletal reaction 
mechanism which is able to simulate the combustion and emission formation 
processes of biodiesel, diesel and their blend fuels with CO, NOx and soot 
formation mechanisms embedded. An updated tri-component (MD, MD9D 
and n-heptane) biodiesel reaction mechanism comprising 3299 species and 
10,806 reactions is used as the starting mechanism for reduction. After the first 
reduction, the resulting mechanism is combined with a comprehensive n-
heptane skeletal reaction mechanism with soot formation kinetics embedded. 
A second reduction process is then performed to achieve a more compact 
mechanism which is feasible for 3D engine simulations. Extensive validations 
are performed by comparing the ignition delay predictions for n-heptane 
against the experimental results and biodiesel against the detailed mechanism 
under various conditions, as well as 3D engine experiments.  
 
3.2 Mechanism Reduction Methodology on DRGEPSA Method 
The directed relation graph with error propagation and sensitivity analysis 
(DRGEPSA) integrates previously developed DRGASA and DRGEP methods 
to compensate for the limitations of each individual method. It can efficiently 
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remove many unwanted species by first applying the DRGEP method prior to 
the sensitivity analysis for further reductions. One feature of this method is its 
ability to achieve a substantial reduction for a given error limit with minimum 
user interventions. A detailed description on the DRGEPSA method can be 
found in [82]. For the present study, a brief illustration will be given in the 
following paragraphs.  
     On the overall, the first step in the DRGEPSA method is to calculate the 
ignition delay timings of the detailed reaction mechanism for a series of user 
defined initial conditions. It will then filter out the unimportant species by 
applying the DRGEP method. The leftover species will be divided into two 
groups: limbo species (for further sensitivity analysis) and important species 
(retained in the skeletal reaction mechanism).   
 
DRGEP 
     The DRGEP approach uses a directed relation graph to map the coupling of 
species in a reaction mechanism as shown in Fig.3.1, where the vertices 
represent species, and the edges between the vertices indicates the coupling 
between species. The dependence of one species A on another species B is 
based on the contribution to the overall production or consumption rate of 
species A. This contribution is expressed by the direct interaction coefficient 
(DIC), which calculates the error induced in the overall production or 



































, ),0max(                    (3.3) 
iB 1, if species B participate in the  
the ith elementary reaction  
 0, otherwise                                     (3.4) 
 
Figure 3.1 Directed 
relation graph mapping 
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where A and B are the species of interest, i is the i th reaction, iAv , is the 
stoichiometric coefficient of species A in the i th reaction, i is the reaction 
rate of the i th reaction,  and Rn is the total number of reactions. 
     After calculating the DICs, a depth search is performed for all the user-
defined target species to find the dependency pathways from each species to 
the target species. A path-dependent interaction coefficient (PIC) is defined 
and calculated as the product of intermediate DICs between the target species 













                                                                                               (3.5) 
where n is the number of species between A and D in pathway p and S is a 
placeholder for the intermediate species at species A and ending at species D. 
For example, from target species A to species of interest D as shown in Fig3.1, 
there are three paths: path one A B D  , path two A C D  and path 
three A C E D   . Then ,1AD AB BDr r r  , ,2AD AC CDr r r  and
,3AD AC CE EDr r r r    
An overall interaction coefficient (OIC) is calculated as the maximum of all 
PICs between the target species and species of interest: 
,
_ _
max ( )AD AD p
all paths p
R r                                                                                     (3.6) 
     A single OIC was then assigned for each species by obtaining the 
maximum OIC of each species-target pair. 
     In this stage, those species with OICs below a threshold EP  are considered 
negligible to the overall ignition delay predictions for the pre-defined initial 
conditions and can be removed from the detailed reaction mechanism. With a 
low initial threshold EP , a skeletal mechanism is generated and the maximum 













                                                                                    (3.7) 
where det
k and kskel are the ignition delay timings of the detailed and skeletal 
mechanism for the k th initial condition, , and D  is the set of initial conditions. 
The optimal threshold EP is determined in an iterative manner such that the 
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maximum error in the ignition delay predictions over all the initial conditions 
is below the user-specified error limit. 
 
Sensitivity analysis (SA) 
     The second stage of DRGEPSA is to perform a sensitivity analysis to 
further filter out those unimportant species from the limbo species group with 
their OIC
 
values that satisfy EP ABR 
  , where EP is the optimized 
threshold after the DRGEP stage, and   is the user defined threshold. 
 
     For each limbo species, it is first removed from the DRGEP mechanism to 
find the resulting error in ignition delay prediction and then an error measure 
is assigned as: 
,| |B B ind DRGEP                                                                                           (3.8) 
where ,B ind

is the error due to the removal of species B as compared to the 
detailed mechanism and DRGEP

is the error of the skeletal mechanism 
generated by DRGEP. The limbo species are then sorted in an ascending 
order based on B

, they are then removed from the mechanism one by one. 
The maximum error in the ignition delay prediction compared to the detailed 
reaction mechanism is evaluated after each removal. The reduction process is 
completed when the maximum error reaches the pre-defined error limit. 
 
3.3 Skeletal Biodiesel Reaction Mechanism Generation 
Many mechanism reduction methods have been successfully developed and 
demonstrated in the literature. Manual removal approach such as peak 
concentration analysis [80], systematic reduction models such as directed 
relations graph (DRG) [83-85], directed relation graph with error propagation 
(DRGEP) [86], DRG-aided sensitivity analysis (DRGASA) [87] and directed 
relation graph with error propagation and sensitivity analysis (DRGEPSA) 
[82] are often used to identify and eliminate unimportant species.  An isomer 
lumping approach [87] was also developed to group isomers with the same 
molecular weight and similar thermal and transport properties, and being 
represented by a common species. Unimportant reaction elimination is often 
carried out using reaction flux analysis [80] or computational singular 
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perturbation (CSP) [87]. In the present study, a combined methodology is 
employed which involves the direct relation graph with error propagation and 
sensitivity analysis (DRGEPSA), peak concentration analysis, isomer 
lumping, sensitivity analysis, unimportant reactions elimination and reaction 
rate adjustment methods. A schematic illustration on the mechanism reduction 
process can be seen in Fig.3.2.  
 
 
Figure 3.2 Overview of the mechanism reduction process 
 
3.3.1 Directed Relation Graph with Error Propagation and Sensitivity 
Analysis 
The entire skeletal mechanism generation process started with the mechanism 
reduction for an updated tri-component (MD, MD9D and n-heptane) biodiesel 
reaction mechanism comprising 3299 species and 10,806 reactions developed 
in [81]. The DRGEPSA method was first employed to efficiently remove 
many unimportant species and reactions, producing an optimally small skeletal 
mechanism for a given error limit prior to the integration of soot formation 
mechanism. The reduction process was sampled and validated over 63 initial 
conditions covering three pressures (1 bar, 10 bar and 100 bar), three 
equivalence ratios (0.5, 1.0 and 2.0), and seven temperature conditions ranging 
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from 700 to 1800 K. Throughout this study, the blend surrogate was defined as 
a mixture consisting of 25% MD, 25% MD9D and 50% n-heptane in mole, 
and ignition delay was defined as the time taken for a temperature rise of 400 
K from the initial mixture temperature. The target species set in the 
DRGEPSA process included three fuel species of MD, MD9D and n-heptane, 
two oxidizers of O2 and N2, and two pollutants of CO and CO2. During this 
step, the maximum error tolerance over the range of testing conditions was set 
to be 50% and the resulting reaction mechanism consisted of 253 species and 
1138 reactions, achieving a substantial reduction by a factor around 13 in size 
as compared to the detailed reaction mechanism.  
3.3.2 Integration of Soot Formation Mechanism 
To integrate the soot formation mechanism, the reduced MD, MD9D and n-
heptane mechanism derived from the previous step was combined with a 
previously developed skeletal reaction mechanism for n-heptane. The n-
heptane mechanism constructed by Tao et al. [88] from Chalmers University 
of Technology (hereafter referred as CUT n-heptane mechanism) contains 65 
species and 373 elementary reactions with CO, NOx (extended Zel’dovich 
NOx formation model) and soot formation mechanisms embedded. A brief 
description on the soot formation model will be given in the later section. In 
this step, the CUT n-heptane mechanism was considered as the base 
mechanism for mechanism combination. All the species and their 
corresponding reactions which are associated with and unique to the MD and 
MD9D dissociation and oxidation reactions were added to the base 
mechanism. Those species and reactions which are associated with n-heptane 
or lower level carbon species, but not found in the CUT n-heptane mechanism 
were also included. In total, 42 species were found to be unique to the MD, 
MD9D and h-heptane mechanism and were integrated into the base 
mechanism. The resulting mechanism contained 295 species and 1357 
elementary reactions, which was not very feasible to be applied in 3D CFD 
simulations. Prior to further reductions, ignition delay predictions for n-
heptane and biodiesel were reviewed. Throughout this study, ignition delay 
validation for n-heptane was performed over 17 shock tube experimental data 
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[89] which covered a range of initial pressures and temperatures with an 
equivalence ratio of 1.0.  
 












806 20.0 1377 645 -53.2 
850 19.9 1653 804 -51.4 
906 19.8 1836 1339 -27.1 
1012 18.1 944 993 5.2 
1048 16.7 854 776 -9.2 
909 53.9 254 145 -42.7 
923 60.0 244 127 -48.0 
926 60.6 233 127 -45.7 
932 55.4 323 159 -50.6 
985 48.6 364 279 -23.5 
1007 57.7 232 200 -13.6 
1013 53.6 292 222 -23.9 
1023 54.2 261 209 -19.8 
1027 59.1 237 180 -23.9 
1057 50.0 194 191 -1.6 
1063 53.1 179 169 -5.4 
1115 52.3 102 117 14.6 
 
Table 3.1 presents the ignition delay predictions for n-heptane against the 
experimental results after mechanism combination. The combined reaction 
mechanism generally under-predicts the ignition delay timing especially for 
the cases with low initial temperatures. The maximum percentage deviation 
over the entire testing domain is 53.2% which is fairly good at this stage. 
However, the ignition delay predictions for biodiesel were obviously changed 
after the mechanism combination as shown in Fig.3.3, which is believed to be 











Figure 3.3 Comparisons of ignition delay predictions between the reduced 
mechanism with the detailed mechanism for biodiesel after mechanism 
combination at an equivalent ratio of a) 0.5, b) 1.0 and c) 2.0 
 
3.3.3 Peak Concentration Analysis 
For the combined reaction mechanism, peak concentration analysis was first 
employed to identify and eliminate insignificant species during the 
combustion process of n-heptane. Constant volume SENKIN analysis was 
performed for 1.0  at an initial pressure of 10 bar conditions over the entire 
temperature range from 700 to 1800 K. As presented in [80], four thresholds 




710 . For all the 
species whose peak concentration did not reach 
710 over the entire 
temperature range, they were sorted in an ascending order based on their 
maximum peak concentrations. These species were then checked one by one, 
and were considered insignificant and finally eliminated from the base 
mechanism if the ignition delay for n-heptane did not vary by 5% as compared 
to the base mechanism, or varied by 5-10% but was favorable for improving 
the overall ignition delay predictions comparing to the experimental results as 
shown in Table 3.1. Consequently, the process was repeated to identify 
unimportant species during the combustion process of MD and MD9D. Those 
species whose peak concentrations did not reach the required threshold were 
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considered insignificant and finally removed from the base mechanism if the 
ignition delay for biodiesel (MD+MD9D+n-heptane) did not vary by 5% as 
compared to the base mechanism, or varied by 5-10% but was favorable for 
improving the overall ignition delay predictions compared to the detailed 
reaction mechanism. Consequently, 79 species were removed from the 
combined reaction mechanism, resulting in a skeletal reaction mechanism 
comprising 216 species and 975 reactions. Table 3.2 compares the predicted 
ignition delay timings of n-heptane compared to the experimental results. A 
significant improvement in the overall ignition delay predictions can be 
observed, with the maximum percentage deviation dropped from 53.2% to 
25.2%.  A more tangible improvement could be seen for biodiesel (see 
Fig.3.4) due to the superimposed improvements in ignition delay predictions 
for n-heptane and biodiesel.   












806 20.0 1377 1642 19.3 
850 19.9 1653 1737 5.1 
906 19.8 1836 2020 10.0 
1012 18.1 944 1065 12.8 
1048 16.7 854 838 -1.8 
909 53.9 254 238 -6.1 
923 60.0 244 199 -18.4 
926 60.6 233 197 -15.5 
932 55.4 323 243 -24.6 
985 48.6 364 329 -9.6 
1007 57.7 232 229 -1.5 
1013 53.6 292 249 -14.8 
1023 54.2 261 232 -11.2 
1027 59.1 237 200 -15.6 
1057 50.0 194 207 6.7 
1063 53.1 179 184 2.6 









Figure 3.4 Comparisons of ignition delay predictions between the reduced 
mechanism with the detailed mechanism for biodiesel after peak 
concentration analysis at an equivalent ratio of a) 0.5, b) 1.0 and c) 2.0 
 
3.3.4 Isomer Lumping 
One of the challenges to achieve compact reaction mechanisms is the 
existence of isomers especially for long carbon chain fuels. Isomer lumping is 
an approach to feature those species who have the same molecular weight, and 
similar functionalities. Once these species are identified, they are lumped into 
one single representative species, and the reaction rate for the lumped 
reactions in the form of Arrhenius equations should be amended. Detailed 
descriptions on the isomer lumping approach can be found in [87, 90]. In the 
present study, a simple isomer lumping strategy was used to detect isomer 
groups which feature similar thermodynamic properties and participate in 
similar elementary reactions with the same reaction rate. For example, 
considering two species 1I and 2I with the same molecular weight and similar 
thermodynamic properties participating in the following two reactions with the 
same reaction rate : 
                                         1 1:R C I            [ ]k C                                      (3.9) 
                                         2 2:R C I           [ ]k C   
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here C is a reactant species, 1I  and 2I can be represented by a single species I , 
where 1 2[ ] [ ] [ ]I I I  , and the lumped reaction should be modified as: 
                                     :R C I        [ ]k C           2k k                        (3.10) 
Table 3.3 shows part of the isomer groups that were identified in the present 
study. The isomer groups were lumped together only if the ignition delay 
predictions vary from the base mechanism by less than 5% over all the 
validation conditions.  The resulting reaction mechanism comprised 125 
species participating in 641 elementary reactions. 
 
Table 3.3 Lumped isomer groups for n-heptane and biodiesel 
Representative species Isomer group 
c7h15o2 c7h15o2, c7h15o2-2, c7h15o2-3, c7h15o2-4 
c7h14o2ho2 c7h14o2ho2, c7h14ooh3-5o2, c7h14ooh4-2o2 
md9d3j md9d3j, md9d4j, md9d5j, md9d6j, md9d7j 
md9d3o2 md9d3o2, md9d8o2, md8dxo2 
md3j md3j, md4j, md5j, md6j, md7j, md8j, md9j 
md3ooh5j md3ooh5j, md4ooh6j, md5ooh3j, md6ooh4j, 
md7ooh5j, md8ooh6j, md9ooh7j 
md3o2 md3o2, md4o2, md5o2, md6o2, md7o2, md8o2, 
md9o2 
md3ooh5o2 md3ooh5o2, md4ooh6o2, md5ooh3o2, 
md6ooh4o2, md7ooh5o2, md8ooh6o2, md9ooh7o2 
 
 
3.3.5 Unimportant Reactions Elimination 
Prior to the removal of unimportant reactions, the DRGEPSA method was 
employed again to remove those species that became less significant after 
performing the previous two steps. Targeted species included the fuel species 
of MD, MD9D and n-heptane, oxidizers of O2 and N2, as well as pollutant 
species of CO, CO2, NO, NO2 and C(S). Ignition delay validations were 
carried out for both n-heptane and biodiesel simultaneously with the maximum 
error tolerance of 2%.  13 species were then removed, giving rise to a skeletal 
reaction mechanism with 112 species and 579 reactions. Subsequently, 
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unimportant reactions were eliminated using the important index defined in 
computational singular perturbation (CSP) [87] to reduce the number of 
reactions and the stiffness of the reaction mechanism. In general, it calculates 
how much a particular reaction contributes to the production rates of all 
species, and those species with important index below a threshold are 
considered unimportant and removed from the base mechanism. The threshold 
is selected iteratively such that the optimized mechanism is obtained based on 
the user-specified error tolerance. In this case, the error tolerance was again set 
to be 2%, and the final mechanism comprised 112 species and 498 elementary 
reactions. 
 
3.3.6 Reaction Rate Adjustment 
When intermediate species and reactions are removed from the base 
mechanism, a slight variation in the ignition delay predictions is inevitable.  In 
order to improve the overall prediction capability while maintaining the same 
number of species and reactions, reaction rate adjustment of certain reactions 
is necessary to compensate for the removed species and reaction pathways. 
Sensitivity analysis using SENKIN code in a closed homogeneous system was 
first performed to identify the reactions which are significant and sensitive to 
the ignition delay predictions of biodiesel. In total, there were 63 initial 
conditions chosen for the sensitivity analysis, which are the same as 
aforementioned conditions for biodiesel ignition delay validation. Those 
reactions which are associated with the n-heptane or lower level carbon 
species were not considered in the current process. Based on this study, four 
reactions were identified to be the most sensitive reactions to the ignition 
delay calculations of biodiesel, and their pre-exponential factors were 
systematically tuned (see Table 3.4) for optimized ignition delay predictions. 
The results for the calculated ignition delays of n-heptane and biodiesel based 







Table 3.4 Adjusted pre-exponential factors for optimized ignition delay 
predictions (in bold) 
Reactions A factor b  E  
md9d=ms7j+c3h5  2.500E 16  
. 1 046E 10  
0.000  
0.000  
7.100E 04  
7.100E 04  
md+oh=md3j+h2o  4.670E 07  
. 1 046E 10  
1.610  
1.610  
3.500E 02   
3.500E 02   
md3o2=md3ooh5j  2.500E 10  
. 2 048E 10  
0.000  
0.000  
2.085E 04  
2.085E 04  
ms7j+c3h6=md3j  8.800E 03  
. 2 200E 03  
2.480  
2.480  
6.130E 03  
6.130E 03  
 
3.4 Emission Models 
3.4.1 Nitrogen Oxide Formation Mechanism 
The formation of nitrogen oxide is mainly due to the oxidation of nitrogen 
molecule in the post-flame zone (thermal NO), the formation of NO in the 
flame zone (prompt NO) and the oxidation of nitrogen-containing compounds 
in the fuel (fuel-bound NO) [70]. In this study, extended Zeldovich 
mechanism proposed for thermo NO formation will be used. Whereas, the 
prompt NO and fuel-bound NO mechanism will be neglected since their 
contributions to the total nitrogen oxides emissions are insignificant. The 
original thermo NO mechanism was proposed by Y.B. Zeldovich, who was the 
first to propose the thermal NO reaction mechanism with two elementary 
reactions (Eqn.3.3 and Eqn.3.4) in 1946 [91, 92]. Due to the under-estimation 
of NO formations, a third NO formation reaction (Eqn.3.5) was postulated by 
Lavoie et al. [92, 93] which involve an elementary reaction with OH radical. 
Obtained reaction mechanism was then named extended Zeldovich mechanism. 
 
             N2 + O = NO + N,  
137.6 10 exp[ 38,000 / ]k T      cm3/(mol s)    (3.11) 
             N + O2 = NO + O,  
96.4 10 exp[ 3,150 / ]k T         cm3/(mol s)    (3.12) 
             N + OH = NO + H, 
134.1 10k                                 cm3/(mol s)   (3.13) 
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   In the present study, a modified extended Zeldovich mechanism by Tao et al. 
[88] is used as shown in Table 3.5. It describes the key elementary reactions 
(reactions 1-3), supplemented with the N2O reaction pathways (reactions 4-8) 
and the elementary reactions leading to the conversions between NO to NO2 
(reactions 9-12).  
 
Table 3.5 Elementary reactions in the thermo NO mechanism 
N/S Reaction A b E 
1 N + NO  = N2 + O 2.700E+13 0.00 355.0 
2 N + O2   = NO + O 9.000E+09 1.00 6500.0 
3 N + OH  = NO + H 3.360E+13 0.00 385.0 
4 N2O + O = N2 + O2 1.400E+12 0.00 10810.0 
5 N2O + O = NO + NO 2.900E+13 0.00 23150.0 
6 N2O + H  = N2 + OH 3.870E+14 0.00 18880.0 
7 N2O + OH  = N2 + HO2 2.000E+12 0.00 21060.0 
8 N2O (+M)  = N2 + O (+M) 7.910E+10 0.00 56020.0 
9 HO2 + NO  = NO2 + OH 2.110E+12 0.00 -480.0 
10 NO + O + M  = NO2 + M 1.060E+20 -1.41 0.0 
11 NO2 + O  = NO + O2 3.900E+12 0.00 -240.0 
12 NO2 + H  = NO + OH 1.320E+14 0.00 360.0 
 
 
3.4.2 Soot Formation Mechanism 
The formation of soot particles is preceded by the presences of acetylene 
(C2H2) and polycyclic aromatic hydrocarbons (PAH). In the soot formation 
mechanism presented by Tao et al., series of elementary reactions were 
introduced to describe the formation of the first aromatic ring, 1A  from 
acetylene and hydrogen. With the formation of the first aromatic ring, it is 
then subjected to the subsequent “surface growth” and “coagulation” 
processes, resulting into the formation of a chain of aromatic rings with a very 
high carbon fraction. This process is chemically described by the successive 
stages of H- abstraction and C2H2- addition (HACA- mechanism) reactions. 
The general reaction steps to higher rings are represented as: 
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                                               2HAHA ii 

                                       (3.14)                   
                                           2222 HCAHCA ii

                                    (3.15) 
                                      2222 HHCAHHCA ii 

                             (3.16) 
                                            1222 

 ii AHCHCA                                    (3.17) 
here 1iA represents a higher ring, and  indicates its corresponding radical.  
     To limit the growth of large PAH, oxidation reactions by OH and O2 were 
also included in the proposed mechanism. When a sufficiently high order of 
the aromatic ring is achieved, a one-step transition from aromatic ring to soot 
is postulated. In the present study, the high order ring was stopped at long-
chain acetylene ( 26 HC ) and acenaphtylene ( 52 RA ), and the formation of soot 
particle was achieved via the “graphitization” processes as shown in Eqn.3.18 
and Eqn.3.19. Meanwhile, the soot oxidation reactions in the present study 
included the reactions with O2, H2O, OH radical and NO2. More descriptions 
on the soot formation and oxidation mechanism can be found in [94].  
                                              )(6226 SCHHC                                      (3.18) 
                                             )(124 252 SCHRA                                    (3.19) 
 
3.5 Mechanism Validation 
3.5.1 0-D Ignition Delay Validation 
The final skeletal reaction mechanism (see Appendix A) was first validated by 
comparing ignition delay predictions against the shock tube experimental data 
for n-heptane and the detailed reaction mechanism for biodiesel in a closed 
homogeneous system. As presented in Table 3.6, the 112-species skeletal 
mechanism accurately mimics the ignition delay timings of n-heptane over a 
range of initial pressures and temperatures at an equivalence ratio of 1.0.  The 
maximum percentage deviation in the ignition delay prediction is found to be 
27.1% at a low initial pressure of 19.8 atm and initial temperature of 906 K. In 
general, excellent accuracy has been obtained indicting its great feasibility to 

















806 20.0 1377 1253 -9.0 
850 19.9 1653 1869 13.1 
906 19.8 1836 2333 27.1 
1012 18.1 944 982 4.1 
1048 16.7 854 764 -10.5 
909 53.9 254 242 -4.8 
923 60.0 244 207 -15.2 
926 60.6 233 206 -11.4 
932 55.4 323 268 -17.0 
985 48.6 364 344 -5.4 
1007 57.7 232 232 -0.1 
1013 53.6 292 246 -15.6 
1023 54.2 261 225 -13.8 
1027 59.1 237 194 -18.0 
1057 50.0 194 190 -2.1 
1063 53.1 179 168 -6.1 
1115 52.3 102 114 12.0 
 
     
     Fig.3.5 compares the ignition delay timing of biodiesel as a function of 
temperature calculated using the detailed and skeletal mechanisms over 
different initial pressures and equivalence ratios. It is seen that with initial 
pressures of 1 bar and 10 bars, the predicted ignition delay timings by the 
detailed and skeletal mechanism match very well with each other. Whereas at 
an initial pressure of 100 bar, under-predicted ignition delays are observed for 
an equivalence ratio of 0.5 and 1.0 with an initial temperature of 900 and 1000 
K, and the largest discrepancy occurs at 900 K with a maximum percentage 
deviation of 52%.  Such an error tolerance is still acceptable since overall 
there is no significant loss on the auto-ignition behaviors. It further proves that 
the developed mechanism is feasible to be used for diesel engine combustion 












Figure 3.5 Ignition delay validation for biodiesel at an equivalent ratio of 
a) 0.5, b) 1.0 and c) 2.0 
 
3.5.2 3-D Validations in a Compression Ignition Diesel Engine 
To test the applicability of the developed biodiesel reaction mechanism for 
engine simulations, 3-D numerical simulations were performed and compared 
against the biodiesel engine experiments conducted on a light-duty 2KD-FTV 
Toyota car engine. Detailed descriptions on the testing procedures, 
experimental set-up, and biodiesel fuel properties can be found in the later 
section 5.2.1 (or in [95, 96]). The reference fuel considered in the simulation is 
neat biodiesel (B100) derived from waste cooking oil, and it has a lower 
heating value of 39.1 MJ/kg. Simulations were performed based on three 
representative experimental conditions at a fixed engine speed of 2400 rpm 
and engine loads of 10%, 50% and 100%.  
     Numerical studies were conducted using CFD simulation software KIVA4 
coupled with CHEMKIN II code. To take into account the effects of 
biodiesel’s physical properties on the fuel spray, atomization, evaporation and 
combustion processes, detailed chemical and thermo-physical properties such 
as vapor pressure, latent heat of vaporization, liquid viscosity, liquid thermal 
conductivity, gas diffusion coefficients and surface tension of methyl 
palmitate (C17H34O2) and methyl oleate (C19H36O2) were calculated based on 
the methodologies presented in Chapter 2 (or in [97]) and were assigned to 
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MD (saturated methyl ester) and MD9D (unsaturated methyl ester), 
respectively. Based on the bowl geometry of the Toyota car engine, a 60 
degrees sector mesh was created and used in the present study by taking 
advantage of the symmetric distribution of the injector nozzle holes. A 
detailed explanation on the combustion source term calculation using 
advanced chemistry and extensive mesh independence study can be found in 
the later section 5.3.1 (or in  [46, 98, 99]). 
     Fig.3.6 shows the simulation results of in-cylinder pressure and heat release 
rate compared with the experimental results. As can be seen, the peak cylinder 
pressure and ignition delay timing are adequately reproduced, indicating that 
the important reaction pathways are very well represented. The maximum 
deviation in the peak cylinder pressure over the three experimental load 
conditions is about 4.8%. In terms of the peak heat release rate, the predicted 
heat release rates are slightly higher than those calculated from the 
experimental cylinder pressure curves, suggesting that the slightly higher 
burning rate is predicted by the skeletal reaction mechanism during the initial 
premixed burn phase. This would also increase the overall burning rate and 
reduce the combustion duration which explains the earlier cylinder pressure 








Figure 3.6 3-D validation of biodiesel combustion at 2400 rpm and a) 10%, 




In this chapter, a tri-component (MD, MD9D and n-heptane) skeletal reaction 
mechanism consisting of 112 species and 498 reactions with CO, NOx and 
soot formation mechanisms embedded was developed, which is able to 
simulate the combustion and emission formation processes of biodiesel, diesel 
and their blend fuels. Extensive validations were performed for the developed 
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skeletal reaction mechanism including 0-D ignition delay testing and 3-D 
engine simulations. The validation results indicated that the developed 
mechanism accurately mimicked the auto-ignition behavior of n-heptane and 
biodiesel over a range of sampled conditions. The maximum deviations in the 
ignition delay predictions were found to be 27.1% for heptane and 52% for 
biodiesel which are fairly good results, indicating that overall there is no 
significant loss in the chemical fidelity by the developed mechanism. It was 
further proved by the 3-D numerical simulations where the cylinder pressure 
and heat release rate profiles were successfully reproduced. As such, the 
developed skeletal mechanism is suitable for diesel engine combustion 
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Chapter 4 Theoretical Modeling of Biodiesel Combustion  
The rapid development of computer technology allows researchers to 
accurately mimic the operational behavior of many systems in the area of 
physics, chemistry, and engineering to gain better insights, or to estimate the 
performance of such systems which are too complex to be analyzed 
experimentally. In the area of internal combustion engine studies, various 
types of simulation software have been developed to model the fuel spray, 
combustion and emission formation processes taking place inside a 
combustion chamber. These CFD simulation software generally adopt similar 
approaches, but differ from each other based on the sub-models used. 
      In the present study, numerical simulations were carried out using multi-
dimensional software KIVA4 developed at Los Alamos National Laboratory 
[50]. It is a computer code for numerical calculation of transient, two and three 
dimensional, chemically reactive fluid flows with sprays. The KIVA4 code 
uses a finite volume scheme (arbitrary Lagrangian-Eulerian) to solve the 
conservation of mass, momentum and energy equations, and it also accounts 
for the turbulence effect using the k-epsilon model. For spray modeling, 
various sub-models are employed to describe the fuel spray, breakup, collision 
and coalescence, and multi-component fuel evaporation processes. Vaporized 
fuel species are considered as ideal gas mixtures which will then undergo a 
series of complex chemical reactions. In the following sections, the default 
mathematical models used in the original KIVA4 code will be reviewed. To 
improve the overall prediction accuracy, some basic sub-models in the default 
KIVA4 code were modified. For example, the Kelvin-Helmholtz and 
Rayleigh-Taylor (KH-RT) spray break up model was implemented in the 
KIVA code to replace the original Taylor Analogy Breakup (TAB) model for 
the primary and secondary fuel breakup processes. And to incorporate detailed 
chemical kinetics into combustion modeling, CHEMKIN II code was coupled 
into KIVA4 code as the chemistry solver.  
 
4.1 Gas Phase Modeling 
The default KIVA4 code can be used to solve for both laminar and turbulence 
flows. For both cases, it solves the conservation of mass, momentum and 
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energy equations, but only differs in the form and magnitude of the transport 
coefficients, which would be much larger in the turbulent flows due to the  
turbulence fluctuations [50].  
 
4.1.1 Governing Equations 
(1) Continuity equation for species m 















u                 (4.1)     
here u is the fluid velocity vector given by  
                             ktzyxwjtzyxvitzyxu

),,,(),,,(),,,( u                    (4.2)  
 is the total mass density, m is the mass density of species m,  is the 
vector operator given by 

















                                     (4.3)               
D is the diffusion coefficient which KIVA assumes Fick’s law given by 





                                                (4.4)                  
where  is the turbulent viscosity, CS is the Schmidt number which is input 
constant. 
C
m  is the chemical source term originated from chemical reactions given by 
Eqn.4.74, S is the spray source term due to the evaporation of liquid fuel to 
gas-phase given by Eqn.4.6, and  is the Dirac delta function. 
     Since mass is conserved in chemical reactions, by summing Eqn.4.1 over 
all species, we can obtain the total fluid density equation as follows: 







)( u                                         (4.5)  
                                      ydyddrdTRdrf dd
S   v
24                               (4.6) 
 
(2) Momentum equation 
















            (4.7) 
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where p  is the fluid pressure, a is dimensionless quantity used in conjunction 
with the pressure gradient scaling (PGS) method. In some cases, the user may 
opt not to use the PGS method in which case a =1. The quantity 0A is zero in 
laminar calculations and it is unity when turbulence models are used. In our 
case, it is equal to one. σ is the stress tensor which is defined as: 
                                      uIuuσ   ])([ T                                     (4.8) 
where  is the first coefficient of viscosity given by Eqn.4.22, is the second 
order of viscosity = 3/2 in calculations of turbulent flow, T denotes the 
transpose and I is the unit dyadic.  
S
F is the rate of momentum gain per unit volume due to the spray given by 
                           ydyddrdTdRrrf dp vvFF
'S )43/4( 22                     (4.9) 
here gFF'  and F is the droplet acceleration due to the aerodynamic drag 
and gravitational force. 
 
(3) Conservation of energy 
        0 0
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
u u σ : u J  (4.10) 
0A is unity when turbulence models are used. Hence the above equation is 
written as  










                (4.11) 
here I is the specific internal energy, exclusive of chemical energy, J is the 
heat flux vector which is the sum of contributions due to heat conduction and 
the enthalpy diffusion given by 
                                      
m
mmhDTK )/( J                               (4.12) 
here T is the fluid temperature, K is thermal conductivity, D is the diffusion 
coefficient, mh is the specific enthalpy of species m. 
 in Eqn.4.10 is the turbulent dissipation rate, CQ is the chemical source term 
due to chemical heat release given by Eqn.4.75 and SQ is the spray source 
term given by 
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4.1.2 Turbulence Equations 
Default KIVA4 code provides the users an option to choose from conventional 
k - model or Re-Normalization Group (RNG) k - model for the turbulence 
equations. Previous studies have found that for diesel engine combustion 
simulations, the RNG k - model predicted better combustion results than the 
conventional k -model in comparisons with experiment data [100].  
 
Standard k - model 
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       (4.15) 
here k is the turbulent kinetic energy,   is the turbulent dissipation rate, the 
source term u )
3
2
( 13  CC accounts for length scale changes when there is 
velocity dilatation, and the source term SW is the spray source term given by  
                                     ydyddrdTdrfW dd
S  vuF ''33/4                     (4.16) 
 
Re-Normalization Group (RNG) k - model  
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here 3C is defined as 
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                     (4.19) 
where 5.0m , n is the polytropic index which is equal to 1.4 for adiabatic 
process. It typically ranges from 1.3 to 1.4. 
                                                 1 ; if 0.0 u  
                                                 0 ; if 0.0 u                                     (4.20) 
The turbulent viscosity tur  for the standard and RNG k - model is defined 
as  




Ctur                     Standard k - ; 






Cairtur        RNG k - ;             (4.21)  
So    turair                                                                                         (4.22) 








                                            (4.23) 
here 51 10456.1
A , 0.1102 A . 
Other constant values in the two k - models are tabulated as below: 
Table 4.1 Constants used in the conventional and RNG k epsilon models 
k -  
1C  2C  3C  C  kPr  Pr  SC  0    
Standard 1.44 1.92 -1 0.09 1.0 1.3 1.5 4.38 0.012 
RNG 1.42 1.68 Eq.(4.19) 0.0845 0.72 0.72 1.5 - - 
 
4.2 Spray Modeling 
Spray process plays an important role in many industrial and technical systems. 
In diesel engine applications, it is one of the effective measures to control the 
combustion process. A single change in the fuel injection parameters or 
injection strategies can significantly affect the three dimensional fuel air 
mixing, evaporation and atomization rate, ignition delay timing, and the 
subsequent combustion and emission formation processes. Therefore, a 
thorough understanding on the spray process and its corresponding 
mathematical models are very vital for combustion simulations.  
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4.2.1 Spray Equations 
In the KIVA code, the spray process is first defined using the spray equation. 
In this application, a statistical averaging technique is used in such a way that 
the probable number of droplets per unit volume at position x is defined by the 
droplet distribution function f as follows: 







    (4.24) 
where x is the position, v is the velocity, r is radius, dT is temperature, t is 
time, y is the droplet distortion parameter, and y  is the temporal rate of 
change.  
     Normally we should directly solve the above equation with an Eulerian 
finite difference or finite volume scheme. However, to discretize the droplet 
probability function f in all independent dimensions will impose extremely 
high demands with respect to computer memory and power. An alternative 
and more practical approach is the so-called discrete droplet model (DDM) 
proposed by Dukowicz [92]. It features a Monte-Carlo based solution 
technique for the spray equation, which describes the spray droplets by 
stochastic particles which are usually referred to as parcels. These parcels can 
be viewed as representative classes of identical, non-interacting droplets, and 
they are tracked through physical space in a Lagrangian manner. Each parcel 
contains a number of droplets with identical properties.  
The temporal and spatial evolution of the distribution function is described as 
the equation below which is commonly referred to as spray equation as given 
by: 
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                (4.25) 
here iF is the acceleration along the spatial coordinate ix ( dtdvF ii / ), R , dT
  
and y are the time rates of change of droplet radius r, temperature dT and 
oscillation velocity y , collf
  and buf are the source terms due to droplet 




4.2.2 Droplet Kinematics 
In the Lagrangian formulation of the discrete droplet model, the position of a 
parcel is characterized by the vector 
px  
                                                         vxp 
dt
d
                                             (4.26) 
     The change in the drop velocity vector is determined from  
                                                          Fv 
dt
d
                                             (4.27) 
where F is the force acting on the droplet which is composed of the body 
forces and the drag force which will be discussed in the later section 4.2.3.  
     The change in the drop size over time is given by  




                                             (4.28) 
where the quantity R depends on vaporization of the droplet and droplet 
breakup (see section 4.2.4) and collisions (see section 4.2.5). 
     The change of the number of parcels considered in a computation is 
expressed as 
                                                       bucoll ff
dt
df                                         (4.29) 
 
4.2.3 Drag Force 
For modeling purposes, each parcel of droplets is assumed to occupy a single 
point in the space. The droplet acceleration F is composed of the drag force 
experienced due to the relative moving motion of the particle with respect to 
the ambient fluid and the body force g . 
     Hence gFF D  , where DF is the particle acceleration due to the drag 
force acting upon on the particle which can be expressed as: 
                                  )(||
2
1
vuvuFD  pDDp ACV                             (4.30) 
where pA is the frontal area (
2
pp rA  ). 
Equation 4.30 can be further modified as 















                               (4.31)                     
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here the drag coefficient DC is given by 





24 3/2DC     1000Re        
















                                                                                           (4.34)     
     The above correlations for the drag coefficient are valid for ideally 
spherical particles. To take into account the distortion effect of liquid droplets 
due to the aerodynamic force, the drag coefficient is modified by Liu et al. 
[101, 102] by considering the distortion parameter y , and the drag coefficient 
of the distorted droplet is now given as  
                                              )632.21(* yCC DD                                       (4.35) 
     When turbulence is present, a fluctuating component of the fluid velocity 
exists in addition to the mean fluid velocity affecting the droplets. To account 
for the fluctuation velocity,  
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4.2.4 Breakup Model 
Droplet Distortion Model 
     In the TAB (Taylor Analogy Breakup) model, the droplet distortion is 
characterized by the dimensionless parameter rxy /2 (see Figure 4.1), where 
x is the deviation of the droplet equator from its equilibrium position. The 
TAB model assumes the droplet distortion can be described as one-
dimensional, forced, damped, harmonic oscillation similar to a spring-mass 
system. Assuming that the liquid droplet experiences liquid viscosity as a 
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                  (4.38) 
 
Figure 4.1 Droplet distortion model 
 
If assuming the relative velocity || vuu '  to be constant, the integration of 
above equation gives 











































 , and 0y and 0y are the initial values of the 
distortion and its temporal change rate. Typically they are zero. 
 
KH-RT Breakup Model [70, 102, 103] 
     For the atomization of the injected spray, the KH-RT hybrid model is used 
to substitute the original TAB model. The hybrid KH-RT model combines the 
Kelvin-Helmholtz wave model (KH) and the Rayleigh-Taylor model (RT), 
and is used in conjunction with the blob-injection model.  
     The blob-injection model assumes that during the injection process, there 
are continuously added large drops (blobs) injected from the nozzle hole with 
a diameter equal to the effective nozzle diameter. Immediately after the 
injection, the Kelvin-Helmholtz model is used to break up the jet. 
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     The Kelvin-Helmholtz model is suitable for both the primary and 
secondary breakup. It postulates that the new droplet after the breakup should 
have a droplet radius pr such that 
                                                      KHp Br  0                                             (4.40) 
where 0B is a constant which is estimated to be 0.61, KH is the fastest 
growing wave length with is corresponding growth rate KH as shown below 
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where We is the gas Weber number defined as 
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                                  (4.43) 
Z is the Ohnesorge number defined as 





                                               (4.44) 
T is the Taylor number calculated as 
                                                       WeZT                                              (4.45) 
pWe  and pRe are droplet Weber number and droplet Reynolds number which 
are calculated as: 
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                                    (4.47) 
     When the parent droplet is break up into child droplets, the droplet size is 
reduced in size with a breakup time KH . The change in the radius of the parent 
droplet is calculated by 







                                             (4.48) 
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                                          (4.49)        
where 1B is a constant with a variety of values used in the literature. In the 
work by Beale and Reitz, a constant value of 40 is used.  
     In the hybrid KH-RT model, the Rayleigh-Taylor model is only used in 
conjunction with the KH model after a certain break up length to describe the 
secondary break up. This is because Hiroyasu found that the breakup rate after 
this length is different compared to that before this “core” length.  
The breakup length KHL is defined as 






                                   (4.50)                     
     For the Reyleigh-Taylor Breakup model, the frequency and wavelength of 
the fastest growing wave are 
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                                 (4.52) 
where || F is the acceleration in the direction of travel. The breakup time RT is 
defined as 





                                             (4.53) 
where C is a constant which is usually equal to unity. 
 
4.2.5 Collision Modeling 
The collision model in KIVA code is based on the O’Rourke collision model 
which is most widely used in the literature. The model only considers the 
collisions of parcels that lie in the same computational cell, and it is further 
assumed that all the parcels are homogeneously distributed inside the cell. 
Consider two parcels with different droplet sizes 1(r and 2r with 21 rr  ), 
according to the Poisson distribution function, the probability that the probable 
number of collisions k between parcel 1 and parcel 2 is given by: 
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                                    (4.54)             
     Hence, the probability that no collision occurs between the droplets is 
calculated as: 
                                                      
tveP                                               (4.55) 
where t is the time step, and v is the collision frequency given by 








v                              (4.56) 
where 2N is the number of droplets in the parcel with the smaller radius drops, 
 is the volume of the cell where the particles occupy.  
     After obtaining the collision probability P , a random number 1 is 
generated which is between 0 and 1. When P1 , collision is considered to 
take place, otherwise, there would be no collision.  
     When collision occurs, this model only considers two types of collisions: 
coalescence and stretching separation. The characteristic of the collision is 
determined by calculating the critical impact parameter crb given by  
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where  
                                           7.24.2)( 23 f                                   (4.58) 
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     To characterize the collision type, another random number 2  (between 0 
and 1) is generated by the computer. In the case when crx2 , the collision is 
considered to be coalescence. If the two particles permanently coalescence, the 
velocity and temperature of the combined droplet are calculated as 
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     On the other hand, when crx2 , the collision is considered to be 
stretching separation. When stretching separation takes place, the size and 
temperature of the droplets are assumed to remain constant and there would be 
no formation of satellite droplets. However, the velocities of the droplets are 
changed and they are calculated as: 
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4.3 Combustion Modeling 
Combustion modeling solves a series of complex chemical reactions in which 
a hydrocarbon fuel reacts with an oxidant to form product species, 
accompanied by a fast release of heat. Due to the complexity of chemical 
kinetics and physical flow environment, a proper combustion model should be 
selected and implemented to faithfully represent the species concentration, its 
production and destruction rate, as well as the heat of formation associated 
with the combustion process. 
     In the original KIVA4 code, a simple chemical reacting system was 
implemented which assumed the combustion process proceeded infinitely fast 
such that the chemical and turbulence calculations could be treated separated 
(as used in flamelet models). And it has been shown that this assumption can 
very well be applied to a combustion environment which proceeds via non 
premixed fuel and oxidant streams diffusing into each other giving rise to a 
laminar flame [104]. For the reaction kinetics, the simplest method adopted to 
describe the combustion process is by assuming a single-step reaction 
expressed by an Arrhenius equation, without considering the intermediate 
species generated during the combustion process. The drawbacks of this 
assumption are: 1) the total heat release rate is often overestimated, leading to 
poor prediction accuracies, and 2) the “negative temperature coefficient” 
effect which is often observed in the cool flame region because of the 
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degenerated chain branching reactions could not be reproduced by the simple 
single-step reaction [92]. Although it is claimed that arbitrary numbers of 
species and chemical reactions are allowed in the original KIVA code [50], it 
would be unreliable nor feasibly to input a huge reaction mechanism manually. 
To achieve a high computational accuracy, the chemistry solver (ODE solver) 
of CHEMKIN II code was coupled into KIVA4 code. A detailed description 
on the coupling process is presented in section 4.3.2.  
 
4.3.1 Reaction Kinetics 
Consider a chemical reaction between the reactant species of aC and bC that 
forms the product species of cC and dC as shown below 
                                    ddccbbaa CvCvCvCv
""''                         (4.66) 
where v are the stoichiometric coefficients of the reactions. 
     The kinetic reaction r proceeds with a reaction rate of r given by the 
empirical formulation as shown below 
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The change in the species concentration of species cC is then calculated as 
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where 
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br                                    (4.70) 
     Thus considering a typical chemical kinetics with m species participating in 
n elementary reactions, a general expression of the reaction is given by  














,   mj ,.....2,1  nk ,.....2,1            (4.71) 
Hence the chemical reaction k  proceeds at a rate of k as 
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     So the change in species concentration of species j (net production rate of 
species j) is calculated by 



























































][ , jW is the molecular weight of species j  
     So the change in density of species j due to chemical reaction is given by 
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The chemical heat release term is given by 
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4.3.2 Coupling of KIVA4 and CHEMKIN II 
Combustion calculation in the integrated KIVA-CHEMKIN code uses the gas 
phase kinetics library of CHEMKIN II code as the chemistry solver to solve 
the chemical reactions taking place inside each computation cell at each time-
step.  Fig.4.2 summarizes the flow chart of the integrated KIVA-CHEMKIN 
code. During the initialization stage, the KIVA code reads in the engine 
specifications, injection parameters, initial and boundary conditions such as 
the species concentrations, initial temperatures and pressures etc., whereas the 
CHEMKIN code reads in a detailed chemical reaction mechanism which is 
further constructed into a matrix of ordinary differential equations (ODEs). 
The KIVA code continues the calculation processes of the fluid flow, and 
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when the temperature of any computational cell reaches a pre-defined 
threshold (e.g. 600 K), combustion calculations will be activated by calling the 
DVODE code [105] to solve the stiff system of ODEs. For the coupled KIVA-
CHEMKIN code, at each time-step, KIVA provides the species concentration 
and their corresponding thermodynamic data to CHEMKIN, and CHEMKIN 
returns the newly calculated species information after solving the chemical 
reactions.   The iterative process continues until the end of the simulation.  
 
 
Figure 4.2 Flow chart of integrated KIVA-CHEMKIN code 
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Chapter 5 Combustion and Emission Characteristics of Diesel 
Engine Fueled by Biodiesel at Partial Load Conditions 
5.1 Introduction 
Biodiesel fuels can be produced from vegetable oils or animal fats via trans-
esterification process through which large molecule triglycerides are 
transformed into straight chain methyl esters with shorter carbon lengths to 
lower the viscosity of the fuel. Compared to conventional diesel fuel, the 
carbon lengths of these methyl esters are still longer which results in 
significant differences on the chemical and thermo-physical properties. For 
example, the cetane number of biodiesel is higher than that of diesel which 
results in a shorter ignition delay time [22, 30, 34, 38]. The viscosity of 
biodiesel can be 1.5 times that of diesel [30], and some researchers have found 
that there was an increase in the combustion duration [22, 36, 39] due to its 
larger viscosity. It was believed that larger kinematic viscosity of biodiesel 
significantly suppressed biodiesel’s fuel spray, evaporation, and atomization 
process, which resulted in slower burning and longer combustion duration. 
However, the opposite trend was observed by Bittle [106] who claimed that 
biodiesel’s combustion duration was shorter than petroleum diesel under low, 
medium or high engine loads. Furthermore, the cloud point and the pour point 
of biodiesel are also higher than those of diesel which makes it very sensitive 
to cold weather applications [107] such as the difficulty of cold starting [107, 
108]. Due to the oxygenated nature of biodiesel, the energy content per liter of 
biodiesel is 5 to 12% lower compared to diesel. Combining with the effects 
resulted from ignition delay and combustion duration, the heat release rate of 
biodiesel is lower than diesel, reducing the peak pressure rise rate, peak 
cylinder pressure and power [22]. As such, in practical applications, biodiesel 
is seldom used in its pure form but blended with petroleum diesel which is 
labeled as a B factor “Bxx”, where xx is the volume percentage of biodiesel. 
     Many experimental studies have been performed to evaluate the effects of 
biodiesel blend ratio on the engine’s performance, combustion and emission 
characteristics [25-27, 29, 109-114]. Even though the same trends are 
observed by most researchers, there are still some differences in the findings 
or even opposite conclusions have been drawn by some articles. This may due 
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to some external factors such as biodiesel feedstock, biodiesel blend ratio, fuel 
injection system, engine load and engine speed which affect biodiesel’s 
combustion and emission formation processes. For example, Ng et al. [115] 
compared coconut methyl ester (CME), palm methyl ester (PME), soybean 
methyl ester (SME) and their blends on engine-out responses. It was found 
that the weighted average HC emission was reduced by 41.7%, 16.7% and 4.2 
% for CME, PME and SME, respectively, as compared to diesel. The 
weighted average nitrogen monoxide (NO) emission was increased by 8.4% 
for SME, whereas a 5.4% reduction was observed for CME and PME. This is 
mainly because SME contains the highest number of double bonds 
(unsaturation) which promotes both the prompt and thermal NO formation 
processes as explained by Ng. A similar conclusion was also drawn by Behcet 
[116] through comparing methyl esters derived from anchovy oil, marine fish 
oil and salmon oil. He claimed that the higher amounts of saturated fatty acids 
of anchovy oil methyl ester had increased the cetane number of biodiesel 
which leaded to shorter ignition delays and reduced NOx emissions. To 
investigate the effect of biodiesel blend ratio, Di et al. [26] tested diesel and 
biodiesel (derived from waste cooking oil) blend fuels at an engine speed of 
1800 rpm and five engine loads of 28 Nm, 70 Nm, 130 Nm, 190 Nm, and 230 
Nm. It was reported that the brake specific fuel consumption (BSFC) and 
brake thermal efficiency (BTE) increased with the increase of biodiesel blend 
ratio, and there was a drop in the exhaust gas temperature with the addition of 
biodiesel. Similar findings were also reported by Buyukkaya [27] through 
comparing diesel, B5, B20, B70 and B100 (rapeseed oil biodiesel) that up to 
7.5% increase in BSFC was observed at 1400 rpm and full load conditions. He 
also found a 5% reduction in peak pressure, 14% reduction in peak heat 
release rate and 32% reduction in ignition delay time at 2000 rpm and full load 
conditions. Another important factor that may have affected biodiesel’s 
performance is the fuel injection system. Gumus and his co-authors [117] 
studied the impact of fuel injection pressure (18, 20, 22, and 24 MPa) on the 
exhaust emissions of biodiesel-diesel fuel blends. They reported that the BSFC 
of higher percentage biodiesel-diesel blends decreased with the increase of 
injection pressure, and it also resulted in a decrease in HC and CO emissions. 
Furthermore, diesel engines are mostly running on partial load conditions 
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especially for cars. Hence, the engine speed and engine load may have a 
significant impact on biodiesel’s performance and emissions. Young and his 
co-workers [118] studied the effects of engine load (0%, 25%, 50% and 75%) 
on the engine exhaust nonvolatile particle number size distributions. It was 
found that the total particle number concentrations increased with increasing 
load from 25% to 75%. Raheman and Ghadge [119] also studied the influence 
of engine loads on the engine performance. They found that full load BSFC 
was about 60% less than that at part load.  
     In terms of numerical studies, the CFD simulations on biodiesel fueled 
diesel engine are still rare in the literature. This is presumably due to lack of 
reduced biodiesel chemical kinetics with sufficiently small number of species 
and reactions which can be managed by a three dimensional workplace within 
an acceptable timeframe [120]. To reduce the overall size of the reaction 
mechanism, methyl butanoate (MB) was first proposed by Fisher et al. [72] as 
a surrogate fuel for biodiesel since it shares the same chemical structure of 
RC(=O)OCH3. Although the carbon length of MB is much shorter than those 
of biodiesel methyl esters, it can still capture the fast RO2 isomerization 
reactions important in the low temperature chemistry which controls the fuel 
auto-ignition timing. To adjust for the fuel molecular weight and oxygen  
content, Brakora et al. [80] simulated soybean biodiesel with a two-component 
biodiesel mechanism. It was assumed that one mole of biodiesel composed of 
one mole of MB and two moles of n-heptane (C7H16).  Based on a modified 
approach, Golovitchev and Yang [52] simulated the combustion for rapeseed 
methyl ester on a Volvo D12C diesel engine by considering a real biodiesel 
component: methyl linoleate (C19H34O2) as the surrogate fuel. Developed 
mechanism consists of 88 species and 363 reactions which combine the 
reaction mechanisms for three constituent components of MB, C7H16 and 
toluene (C7H8O), with the soot and NOx formation mechanisms embedded. To 
further include the large molecule dissociation and oxidation pathways, 
Herbinet et al. developed detailed chemical kinetic mechanisms for methyl 
decenoate (MD) [73], methyl-5-decenoate (MD5D) and methyl-9-decenoate 
(MD9D) [77], representing the saturated and unsaturated methyl esters. Later, 
based on these detailed mechanisms, Luo et al. [81] produced a tri-component 
biodiesel surrogate mechanism which consists of MD, MD9D and n-heptane. 
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The final skeletal mechanism consists of 115 species and 460 reactions. A 
similar work was also done by Brokora [121], but a much smaller mechanism 
(69 species and 204 reactions) was obtained. To numerically determine the 
effects of biodiesel blend ratio, Um and Park [40] simulated Diesel, B20 and 
B40 on a single cylinder diesel engine at a 100 MPa injection pressure and a 
10° BTDC injection timing based on the mechanism developed by Brakora et 
al. [80]. It was found that by increasing the mixing ratio of biodiesel, the 
ignition timing was advanced because the oxygen in biodiesel decreased the 
local equivalence ratio. The decreased equivalence ratio also resulted in a 
general reduction in the CO and HC emissions. As can be seen, the above 
mentioned studies typically focused on the mechanism generation for 
biodiesel, and the simulation works were limited to neat biodiesel. Although a 
blend fuel simulation work was done by Um and Park [40], only one 
experimental condition (1500 rpm and medium engine load) was studied.  
     The objective of this chapter is to do a detailed experimental study together 
with numerical simulations to have a thorough understanding on the impacts 
of biodiesel to the engine’s performance, combustion and emission 
characteristics under various engine operating conditions (especially at partial 
load conditions), and to discern the major factors contributing to the changes. 
Meantime, these underling factors can serve as valuable clues to suggest 
feasible combustion strategies for an improved combustion of biodiesel and 
prompt its widespread application.  
 
5.2 Biodiesel Combustion in a Light Duty Diesel Engine 
5.2.1 Experimental Set-up and Procedures 
The experiments were performed on a four cylinder, four-stroke, turbocharged, 
direct injection diesel engine. A schematic diagram of the engine test bed is 
shown in Fig.5.1 and the detailed engine specifications are listed in Table 5.1. 
The engine was loaded with an AVL DP 160 water cooled passive eddy 
current dynamometer which is able to provide a peak braking power of 160 
KW and a maximum torque of 400 Nm with an accuracy of ±0.3%. The air 




Figure 5.1 Schematic diagram of the engine test bed 
 
Table 5.1 Engine specifications 
Engine type Four stroke, DI, water cooled 
Number of cylinders 4 
Bore×Stroke  92×93.8 mm 
Connecting rod 158.5 mm 
Compression ratio 18.5:1 
Rated power 75 kW at 3600 rpm 
Charging Turbocharged 
Fuel injection system Common rail, Denso 
 
resolution of 100ms. An AVL 733S.18 fuel balance was used to measure the 
fuel consumption rate with a resolution of 500 ms and an accuracy of ±1%. 
The cylinder pressure was measured at a resolution of 1 °CA by an AVL 
GH13P water-cooled pressure transducer which was mounted on the cylinder 
head, and it can sustain a peak pressure of 250 bars. Important engine 
operating parameters such as intake manifold pressure, air flow rate, fuel 
consumption rate, cylinder pressure, exhaust pressure, exhaust temperature, 
engine speed, engine torque, coolant temperature and etc. were monitored 
using an indicating system (AVL Indicom). For each operating condition, 50 
working cycles were recorded and averaged for engine performance 
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evaluation. Some key parameters like brake power (BP), BSFC, BTE and heat 
release rate were calculated and compared to analyze the engine performance 
and combustion characteristics of each tested fuel. Exhaust emissions like CO, 
NO, nitrogen dioxide (NO2) were measured using a portable gas analyzer (E 
instrument 4400 N), and the carbon dioxide (CO2) and NOx emissions were 
then calculated. The HC emission and the λ values were measured using 
another gas analyzer (AVL Digas 2200). The detailed specifications of the gas 
analyzers are presented in Table 5.2 (see page 89). 
     In the present study, biodiesel and its blend fuels (Diesel, B10, B20, B50 
and B100) were studied at different engine speeds from 1200 rpm to 3600 rpm 
with an interval of 400 rpm under five different engine loads. For the present 
investigation, 100% load is defined as the maximum load which the engine 
could achieve at a fix engine speed with full throttle opening. Accordingly, the 
intermediate loads were calculated. The diesel fuel is the ultra-low sulfur 
diesel obtained from local petrol stations in Singapore, whereas the biodiesel 
was produced from wasting cooking oil. Typical fuel properties are 
summarized in Table 5.3 (see page 89). During the warm up period, the engine 
was kept running at medium engine speed and load until the cooling water 
temperature stabilizes at the pre-set temperature (70 °C). In addition, the 
engine was also given sufficient time to consume the remaining fuel in the fuel 
supply system before any new fuel was tested. 
 
5.2.2 Performance, Combustion and Emission Characteristics 
Calculation of heat release rate 
     Heat release rate is one of the most important parameters used to justify the 
combustion characteristics of a fuel, and it further influences the overall 
engine performance and emission characteristics. In the present study, the heat 
release rate is calculated based on the experimental cylinder pressure curve by 
applying the first law of thermodynamics as shown in Eqn.5.1 and it does not 
take into account the heat losses through the cylinder walls.  
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Table 5.2 Specifications of measurement devices 
Instrumentation  Range Resolution Accuracy 
E Instruments 4400 N CO 0-8000ppm 1ppm ±10ppm                                     0-200ppm 
±5% measured value                 201-2000ppm 
 NO 0-5000ppm 1ppm ±5ppm                                       1-100ppm 
±5% measured value                101-5000ppm 
AVL Digas 2200 HC 0-20000ppm 1ppm ±10ppm 
 λ 0-9999 1 Calculated from CO, CO2 HC and O2 
 
Table 5.3 Fuel properties 
Properties ULSD B100 
Density at 20 °C (kg/m
3
) 840 883.5 
Viscosity at 20°C, (mm
2
/s) 2.8 4.36 
Cetane number 52 58 
Flash point (°C) 42 170 
Calorific value (MJ/kg) 44.8 39.1 
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where /dQ d  is the heat release rate per crank angle,   is crank angle, P is 
the pressure, V is the cylinder volume, and   is the specific heat ratio which is 
taken to be 1.37 during compression and 1.30 during expansion.  
Performance characteristics 
     In this section, the impact of biodiesel/blend fuels on the engine 
performance at partial load conditions will be studied. Brake specific fuel 
consumption and brake thermal efficiency were calculated based on the engine 
speed, engine load and the fuel consumption rate which were averaged over 50 
working cycles. 
Impact of biodiesel blends on engine torque 
     Fig.5.2 presents the variation of engine torque with respect to engine speed 
under full load conditions for diesel, biodiesel and their blend fuels. The 
torque values for all tested fuels increase with the increase of engine speed and 
tend to stabilize when the engine speed reaches to 1600 rpm. Furthermore, 
there is an obvious drop of the maximum torque for B20, B50, B100 
compared to diesel except for B10 where a slight improvement is observed. 
The average reductions from 1600 rpm to 3600 rpm are 1.9%, 4.0% and 12.2% 
for B20, B50 and B100, respectively. This is mainly due to the lower calorific 
values of biodiesel and blend fuels.  
 




Impact on brake specific fuel consumption 
     BSFC can be thought of as power specific fuel consumption which 
quantifies the fuel efficiency. Fig.5.3a shows the BSFC of the test engine 
while running with diesel, B10, B20, B50 and B100 fuels at full load 
conditions. It indicates that the BSFC generally increases with the biodiesel 
blend ratio, and the average increase in BSFC over all engine speeds are 2.1%, 
1.5%, 3.5% and 9.6% for B10, B20, B50 and B100 respectively. A similar 
result was also obtained by Karabektas [32] that the BSFC of pure biodiesel 
was averagely 8.9% higher than that of pure diesel at full load conditions. 
Researchers suggested that this could attribute to the lower calorific value of 
biodiesel as compared to diesel [26, 27, 110, 111, 116, 117, 122]. However, 
analyzing the heat values of biodiesel and diesel obtained from experiments as 
shown in Table 5.3, one can see that the calorific value of biodiesel is reduced 
by 12.7% compared to diesel which is larger than the amount of increase in 
BSFC. This is due to the benefit of oxygenated nature of biodiesel which leads 
to a more complete combustion, and hence lowers the increase in BSFC.  
     To analyze the impact of biodiesel/blend fuels on the performance of diesel 
engine at partial load conditions, the BSFC of tested fuels under 10%, 25%, 
50%, and 75% loads are compared. Similar treads are observed at all partial 
load conditions except that much larger increases in BSFC have been found 
for biodiesel blends, indicating a reduced performance of biodiesel under 
partial load conditions. The largest increase in BSFC is found to be at 10% 
load where an averagely 28.1% increase is observed as shown in Fig.5.3b. In 
this case, it is apparent that other factors should have given rise to the larger 
impact on BSFC besides the reduced heat value of biodiesel. Firstly, it is 
believed that the fuel injection pressure is one of the major factors which 
contributed to the increase in BSFC. For example, the fuel injection pressures 
at 1200 rpm are 300 bars and 435 bars for 10% load and 100% load, 
respectively. With relatively lower injection pressure, the higher kinematic 
viscosity of biodiesel may predominate the fuel evaporation process, resulting 
in a poorer fuel atomization and mixing with air, thereby a poorer combustion 
process and reduced thermal efficiency. Secondly, the fact that biodiesel 
contains oxygen is not an advantage anymore at partial load conditions, and 
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may even worsen the combustion process. Table 5.4 shows the λ values of 
B100 under partial loads and full load conditions. It appears that even under 
full load conditions, the λ values are all above 1, showing a lean combustion 
process. While running at partial loads, the extra lean combustion environment 
created by biodiesel worsens the engine efficiency and leads to a further 











Table 5.4 λ values for B100 
Speed/Load 100% 75% 50% 25% 10% 
1200 1.969 2.266 3.092 4.54 7.232 
1600 1.781 2.166 2.87 4.286 6.327 
2000 2.021 2.408 3.099 4.412 6.32 
2400 2.069 2.536 3.314 4.564 6.374 
2800 2.019 2.54 3.385 4.572 6.128 
3200 1.866 2.368 3.178 4.315 5.706 
3600 1.7 2.245 2.986 4.054 5.264 
 
Impact on brake thermal efficiency 
     Brake thermal efficiency evaluates how efficient the engine transforms the 
chemical energy of the fuel into useful work. This parameter is determined by 
dividing the brake power of the engine to the amount of energy input to the 
system. The amount of energy cannot be converted into mechanical energy is 
discharged by the system through friction losses, heat transfer through the 
engine cylinder and exhaust gases. The friction losses are highly sensitive to 
the engine speed regardless of the fuel. Whereas the heat transfer losses not 
only depends on the engine speed, but also varies with the combustion 
characteristics of the fuel.  
     The experimental results show that no general correlation can be confirmed 
between the BTE and biodiesel blend ratio, however, it can be observed that 
the BTE values of B100 are consistently lower compared to diesel under lower 
load conditions and the percentage reduction increases as the engine load 
decreases. At higher load conditions, B100 even has a better BTE than diesel. 
Fig.5.4a, Fig.5.4b and Fig.5.4c compare the BTE of different tested fuels 
under 100%, 50% and 10% loads. As demonstrated in the figures, the average 
BTE value of B100 increases by 5.1% at 100% load, but decreases by 10.7% 
at 10% load, leaving 50% load as a transition where no increase or decrease in 
average BTE is observed. This is because at higher load conditions, the fuel 
injection pressure reaches as high as 1400 bars such that the viscosity effect of 
B100 is negligible, on the other hand, the fact that B100 contains oxygen 
results in a more complete combustion, and hence a higher thermal efficiency 
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is achieved. Another possibility goes to the fact that the exhaust temperature 
of B100 is found to be lower compared to diesel which reduces the heat 
transfer losses, increasing the thermal efficiency. At lower loads, as explained 
previously, the viscosity effect of biodiesel becomes the dominating factor, 
resulting in a poor combustion process and reduced BTE. Besides, the release 
of oxygen atoms from B100 may have leaded to an extra lean combustion 









Figure 5.4 Variation of BTE at a) 100% load, b) 50% load and c) 10% 
load for tested fuels 
 
Impact on engine exhaust temperature 
     Engine exhaust temperature is an important indicator of the cylinder 
combustion temperature, and it is hence a good parameter in analyzing the 
exhaust emissions especially for NOx. Some researchers had claimed biodiesel 
exhibited higher combustion temperature which was responsible for the higher 
NOx emissions [22, 30, 34-36]. However, the opposite trend was reported by 
Muralidharan and Vasudevan that the exhaust gas temperature decreased for 
waste cooking oil and diesel blends when compared to that of diesel with the 
engine compression ratio from 19 to 22 [111]. The same tread is observed in 
our study that with the increase of biodiesel blend ratio, the exhaust gas 
temperature value decreases. It is also noticed that with the increase in engine 
load, the temperature reduction increases. The highest average temperature 
reduction is observed to be 16.7% at full load condition as shown in Fig.5.5. 
The reason for the reduction in exhaust temperature may due to the lower 
calorific value of biodiesel which reduces the total energy released, and hence 




Figure 5.5 Variation of exhaust temperature at 100% load for tested fuels 
Combustion characteristics 
Impact on cylinder pressure 
     To evaluate the effect of engine loads on the combustion characteristics, 
engine cylinder pressures are compared under different engine loads and at a 
medium engine speed of 2400 rpm. Fig.5.6a, Fig.5.6b, and Fig.5.6c shows the 
variations of cylinder pressure for the tested fuels at 10%, 50% and 100% 







Figure 5.6 Cylinder pressure curves at a) 10% load, b) 50% load and c) 
100% load 
     It can be seen that with the use of biodiesel, the peak cylinder pressure 
slightly decreases as compared to diesel, leaving B100 to be the lowest. This 
again may due to the lower calorific value of biodiesel as compared to diesel.  
Impact on heat release rate 
     The heat release rate is another important parameter used to evaluate the 
combustion characteristics of a fuel. Fig.5.7a, Fig.5.7b and Fig.5.7c show the 









It can be seen that no general correlation can be drawn between the biodiesel 
blend ratio and heat release rate, however, it is worthy to note that the heat 
release rate of B100 is consistently lower than diesel at all engine loads. Again 
this can attribute to the lower calorific value of biodiesel as compared to diesel. 
Furthermore, with the start of combustion (SOC) close to each other, the end 
of combustion (EOC) occurs earlier for B100 as compared to diesel at all 
engine loads, indicating a shorter combustion duration for biodiesel. The same 
observation was also reported by Bittle and his co-works [106] that shorter 
combustion duration was observed for biodiesel under low, medium and high 
loads. With regards to the impact of partial loads on heat release rate, one can 
see that the differences of peak heat release rate between diesel and B100 
increases with the increasing engine load. For example, the percentage 
reduction of peak heat release rate of B100 was observed to be 2.6%, 7.9% 
and 8.6% lower than diesel at 10%, 50% and 100% loads respectively. 
Emission characteristics 
Impact on carbon monoxide emissions 
     The exhaust CO emissions are evaluated at low, medium and high loads. It 
is observed that the trends of CO emission with respect to engine speed and 
biodiesel blend ratio are significantly affected by the engine loads. Fig.5.8a 
shows the variation of CO emissions with respect to engine speed for different 
fuels at 10% load. The CO emission generally decreases with the increasing 
engine speed and decreasing biodiesel blend ratio. The same trend is also 
observed at 25% load. This is postulated here that at lower load combustion 
conditions, the fuel air ratio becomes too lean for a complete combustion 
especially at lower engine speeds. When the engine is running on biodiesel, 
the extra oxygen atoms contained in the biodiesel further reduces the fuel air 
ratio, causing the flame temperature to drop very fast, resulting in a higher CO 
emission. Furthermore, as mentioned earlier, the viscosity effect of B100 plays 
a significant role on the combustion process during partial load conditions, 
increasing the tendency for an incomplete combustion.  
     With the engine running at 50% load or above, the fuel air ratio increases 
for all tested fuels and the CO emission drops to extremely low levels. 
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Fig.5.8b compares the CO emissions of different fuels at 100% load. It can be 
seen that the CO emission increases with the increasing engine speed and 
decreasing biodiesel blend ratio, which is totally different from those observed 
at lower engine loads. The same trend is observed at 75% load. This is because 
with further increase in the engine load, the fuel injection pressure also 
increases so that the viscosity effect of B100 becomes less dominant. On the 
other hand, the oxygenated nature of biodiesel becomes advantageous which 




Figure 5.8 Carbon monoxide (CO) emission at a) 10% load and b) 100% 
load for all tested fuel 
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     To further visualize the effects of engine load on the CO emission, Fig.5.9 
compares the CO emission of the diesel engine under various engine load 
conditions for all the tested fuels. It can be seen that, with the increase in 
engine load, the CO emission reduces significantly.  
 
Figure 5.9 Carbon monoxide (CO) emission at various engine loads and 
2400 rpm 
Impact on carbon dioxide emissions 
     Some researchers reported that the CO2 emissions were 2.2-6.6% higher for 
biodiesel blends as compared to diesel at different engine speeds, and they 
concluded that this could be due to the higher density of biodiesel which 
increased the overall fuel mass under complete combustions [115]. Another 
possible explanation was biodiesel gave a more complete combustion, and 
hence more CO was transformed into CO2 [31]. However, the opposite trend is 
observed in our experiments. The variation of CO2 emission with respect to 
engine speed at 100% load for different tested fuels is presented in Fig.5.10. 
One can observe that the CO2 emission decreases with the biodiesel blend 
ratio except for B10, a slight increase is observed. The same trend is also 
observed at all partial load conditions. This may be because 1) biodiesel is a 
lower carbon fuel due to the presence of oxygen atoms and 2) biodiesel has 
lower carbon to hydrogen ratio, so the total CO2 emission is less for biodiesel 
as explained in [31]. Furthermore, compared to CO emissions, the impact of 
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partial loads on CO2 emission is less pronounced. The percentage reduction in 
CO2 emission increases with the increasing engine load. The average 
reduction in CO2 emission for B100 is 4.9%, 7.4%, 10.2%, 10.7% and 16.3% 
for 10%, 25%, 50%, 75% and 100% loads respectively. This may due to the 
significant increase in CO emissions of biodiesel during partial load conditions. 
 
Figure 5.10 Carbon dioxide (CO2) emission at 100% load 
Impact on hydro-carbon emissions 
     Fig.5.11 shows the variation of HC emissions of diesel, biodiesel and their 
blend fuels with respect to engine speed at full load conditions.  Even though  
 
Figure 5.11 Hydro-carbon (HC) emission at 100% load 
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there is no linear correlation can be drawn between the biodiesel blend ratio 
and HC emissions, generally, one still can see that the use of biodiesel 
improves the combustion process and reduces the HC emissions. The same 
trend is also observed at other engine load conditions, and there is no 
detrimental effect found on the HC emissions with the use of biodiesel. 
Impact on nitrogen oxides emissions 
     The NOx emission is very sensitive to the engine combustion temperature 
which increases with the increasing engine speed and load. It is generally 
agreed that the higher the cylinder temperature, the higher the NOx emissions. 
However to monitor the cylinder temperature would be highly impossible, and 
some researchers have been trying to find the correlation between engine 
exhaust temperature and the NOx emissions since the exhaust temperature is a 
good indicator of engine combustion temperature. For example, Shemmeri and 
Oberweis found that the NOx increase was directly proportionally to the 
engine exhaust temperature [123]. However, even though our experimental 
results show that the exhaust temperature decreases with the increasing 
biodiesel blend ratio (refer to Fig.5.5), it can be seen that the correlations 
between the NOx emission and biodiesel blend ratio at 10% (Fig.5.12a), 50% 
(Fig.5.12b) and 100% (Fig.5.12c) loads are very random. Nevertheless, it is 
still worth noticing that the NOx emission increases significantly with the 








Figure 5.12 Nitrogen oxides (NOx) emission at a) 10% load, b) 50% load 










Figure 5.13 Nitrogen oxides (NOx) emission at various engine loads and 
2400 rpm 
5.3 Biodiesel Combustion Simulations 
5.3.1 Numerical Approaches 
Numerical models      
      Simulations were conducted using three dimensional computational fluid 
dynamics software KIVA4 coupled with CHEMKIN II code. The principal 
models of KIVA4 code accounts for the turbulence, liquid fuel spray, breakup, 
collision and coalescence, and multicomponent fuel evaporation models. For 
the fuel breakup process, Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT) 
hybrid break up model was implemented to replace the original Taylor 
Analogy Breakup (TAB) model of KIVA4 code to model the spray 
development more accurately. Detailed descriptions on the numerical models 
of the KIVA-CHEMKIN code can be found in Chapter 4.  
Biodiesel oxidation chemistries 
     A tri-component biodiesel  mechanism developed by Brokora [121], which 
composed of methyl decenoate (MD), methyl-9-decenoate (MD9D) and n-
heptane, was used to simulate the fuel oxidization and emission formation 
processes. The mechanism consists of 69 species and 204 reactions, which is 
very practical for three dimensional engine simulations. For conventional 
diesel fuel simulation, n-heptane was used as the surrogate fuel, whereas for 
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neat biodiesel (B100) simulation, a fuel mixture consists of 25% MD, 25% 
MD9D and 50% n-heptane in mole was used. To better study the effects of 
biodiesel’s physical properties on the fuel spray, atomization, droplet breakup, 
evaporation and combustion processes, the detailed chemical and thermo-
physical properties of methyl palmitate (C17H34O2) and methyl oleate 
(C19H36O2) were calculated based on the methodologies presented in Chapter 2 
(or in [97]) and assigned to MD (saturated methyl ester) and MD9D 
(unsaturated methyl ester), respectively. The considered physical properties 
include critical properties, vapor pressure, latent heat of vaporization, liquid 
density, liquid viscosity, liquid thermal conductivity, gas diffusion coefficients 
and surface tension. 
Mesh independence study 
     Two 60-degree sector meshes were created based on the bowl geometry of 
the 2KD-FTV Toyota car engine by taking advantage of the symmetric 
distribution of the injector nozzle holes (6 holes) as shown in Fig.5.14. 
Detailed engine specifications can be found in Table 5.1. The medium mesh 
(Fig.5.14a) consists of 3540 cells at TDC with the piston crevice region 
included. The maximum mesh size in the radial direction is about 3.4 mm 
which is relatively coarser compared to the mesh for typical CFD applications. 
However, with the polar sector mesh, very fine meshes near injector nozzle 
and fuel spray path are obtained. Using this mesh, run time for a closed cycle 
simulation took about 35 hours on a single processor at the High Performance 
Computing system (HPC) in National University of Singapore. To validate the 
mesh independence, a further refinement on the mesh was done as shown in 
Fig.5.14b. The cylinder pressure curves were compared at the conditions of 
2400 rpm and 100% load for diesel fuel only (see Fig.5.15). It can be seen that 
with further refinements on the mesh, no obvious difference was observed on 
the predicted cylinder pressure. Considering the computational time, the 
medium mesh was considered to be sufficiently accurate for this study and it 









Figure 5.14 The a) medium and b) fine 60 degrees sector mesh shown at 




Figure 5.15 Cylinder pressure comparison at 1200 RPM and 100% load 
Operating conditions 
     The presented simulation models were validated against the experimental 
results conducted on a 2 KD-FTV Toyota car engine at a fixed engine speed of 
2400 rpm under the engine loads of 10%, 50% and 100% for Diesel, B50 and 
B100 fuels. In this study, 100% load was defined as the maximum engine 
torque that could be achieved by the engine when the engine throttle was fully 
open, and the intermediate loads of 50% and 10% were then calculated. 
Detailed descriptions on the experimental set-up and experimental procedures 
can be found in section 5.2.1. For B50 and B100 fuels, the initial molar 
fractions of MD, MD9D and n-heptane were converted into mass fraction and 
were given in the KIVA input files.  
5.3.2 Modeling validation and the effects of biodiesel blend ratio on the 
engine emission characteristics 
The multi-component biodiesel reaction mechanism was first validated by 
comparing the simulated results against the experimental results for Diesel, 
B50 and B100 fuels. As seen in Fig.5.16, the predicted cylinder pressure 
curves and the apparent heat release rate curves matched very well with the 
experimental results, and the maximum deviation in the peak cylinder pressure 
was found to be less than 5%. To further study the effects of biodiesel blend 
ratio on the engine pollutant emissions, the predicted CO and NO emissions  
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Figure 5.16 Model validations for in-cylinder pressure histories and heat release rate
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were normalized by the values of diesel fuel case and the trends of the engine 
out emissions were compared with the experimental findings. Our earlier 
experimental study (see Section 5.2) showed that partial load conditions had a 
significant impact on the engine CO emissions, which significantly increased 
with the increased biodiesel blend ratio. On the other hand, the NO emissions 
were mostly produced at medium and high engine loads, and the NO emission 
levels were shown to be reduced with the increase of biodiesel blend ratio. 
Hence, for the purpose of this study, the KIVA calculated CO emission levels 
were compared with the experimental results at 10% load and the NO 
emissions were compared at 50% and 100% loads as shown in Fig.5.17a, 
Fig.5.17b and Fig.5.17c respectively. Good agreements between the predicted 
emission trends and the experimental results were obtained. To better 
understand the underling factors affecting the engine combustion and emission 
characteristics with respect to the fuel types, three dimensional investigations 
were carried out to analyze the spatial and temporal fuel oxidation and 
emission formation processes as will be discussed next in Section 5.3.3. 
 
 







b) NO emission at 50% load 
 
 
c) NO emission at 100% load 
Figure 5.17 Model validation for emissions 
5.3.3 Three Dimensional Investigation on the Emission Characteristics 
The three dimensional investigation on the CO emissions 
     A general trend has been observed in the literature that a decrease in the 
CO emission is achieved with the increase of biodiesel blend ratio. Most of the 
researchers have attributed this to the additional oxygen atoms in the biodiesel 
molecule which contribute to cleaner combustion. Very interestingly, however, 
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as seen in Fig.5.17a, both our experimental and simulation results indicate that 
at low load  conditions (10% load), noticeable increase in the CO emissions is 
found when substituting diesel fuel with biodiesel or blend fuels, suggesting 
that partial load conditions may have a significant impact on the engine CO 
emissions.  
     To better understand the fundamental factors affecting the CO emissions at 
partial load conditions, Fig.5.18 plots the temporal development of the CO 
emissions for diesel and biodiesel fuels. It could be seen that most of the  
 
 
Figure 5.18 Temporal development of CO emissions at 10% load 
CO starts to form after the top dead center (0° ATDC), and the peak in-
cylinder CO concentration is found to be the greatest for diesel fuel, followed 
by B50 and B100. The same trend can be observed in the temporal and spatial 
development of the CO emissions as depicted in Fig.5.19. A large amount of 
CO starts to form along the fuel injection trajectory as shown at 5° ATDC, and 
the CO concentrations appear to be the greatest for diesel fuel, followed by 
B50 and B100 at both 5° ATDC and 20° ATDC. It is believed that the 
viscosity of the fuel plays a key role in it. As known, most of the CO 
emissions are formed at fuel rich zones with high temperature. Lower 
viscosity of diesel fuel is favorable for a faster fuel evaporation process, so at 
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Figure 5.19 Spatial and temporal plot of the in-cylinder CO mole fractions at 5° ATDC, 20° ATDC and 40° ATDC  
under 10% load conditions 
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combustion in comparison with biodiesel and blend fuel, resulting in more 
localized fuel rich zones with high temperature, so a higher CO emission 
concentration is spotted at the earlier stage. With the continuation of 
combustion, more oxygen is entrained into the spray, so most of the CO is 
oxidized. Whereas, larger viscosity of biodiesel leads to slower fuel 
evaporation, and less fuel attend the combustion process at the earlier stage. 
Besides, the additional oxygen atoms in biodiesel lowers the possibility of 
forming fuel rich zones, and reduces the CO formations at the earlier stage of 
combustion.  
     Moreover, it can be observed from Fig.5.18 that the overall CO growing 
and oxidation window is narrower with the increase of biodiesel blend ratio. 
This is because at low engine load condition, the overall fuel air ratio became 
too lean for a complete combustion. With the increase of biodiesel blend ratio, 
the extra oxygen atoms contained in biodiesel further reduced the overall fuel 
air ratio, causing the in-cylinder gas temperature to drop faster, thereby 
suffocating the further oxidation of CO emission. Another possible reason 
may due to the lower calorific value of biodiesel, which leads to lower heat 
release rate and hence lower in-cylinder temperature (will be discussed in 
details in the later section). With lower overall combustion temperature, the 
time for complete CO oxidation reactions is also reduced. Hence, although the 
peak CO concentration is found to be the greatest for diesel fuel, widened CO 
oxidation window brings about more complete transformation of CO into CO2 
and eventually reduces the engine out CO emissions. 
The three dimensional investigation on the NO emissions 
     The thermal formation of nitrogen oxides is mostly occurred at high 
temperature under slightly lean combustion conditions, and Raslavicius et al. 
[36] argued that the formation of NOx was exponentially dependent on the 
temperature. As such, although a higher average temperature is an indicator of 
higher NOx formations, the localized high temperature zones may contribute 
to the major fraction of the total NOx formation. For diesel engine applications, 
large amount of NOx are formed a few crank angles after the top dead center 
(TDC) when the local in-cylinder peak gas temperature are achieved due to 
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Figure 5.20 Spatial plots of the in-cylinder a) gas temperature distribution, and b) NO mole fractions at 30° ATDC 
 under 100% load conditions
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temperature and the NO mole fraction for different fuels at 30° ATDC. It 
could be seen that the regions with higher NO concentrations matched very 
well with higher temperature zones. In addition, the patterns of the 
temperature distribution with respect to fuel types also agree with the NO 
concentration contours which decrease with the the increase of biodiesel blend 
ratio. It is believed that the decrease in local gas temperature and reduced NO 
formation is due to the decrease in the total amount of heat release, which 
further can be attributed to the reduced lower heating value of biodiesel as 
explained by most of the researchers. Hence, it can be concluded here that the 
reduced heating value of biodiesel could be a major factor which contributes 
to reduced local gas temperature and therefore NO emission. 
 
5.4 Conclusions 
In this chapter, a detailed investigation has been performed to better 
understand the impacts of biodiesel on the engine’s performance, combustion 
and emission characteristics under various engine operating conditions. A full 
spectrum experimental study was first conducted using diesel, biodiesel and 
their blend fuels under 10%, 25%, 50%, 75% and 100% loads. The 
experimental results show that biodiesel/blend fuels have significant impacts 
on the engine’s brake specific fuel consumption (BSFC) and brake thermal 
efficiency (BTE) especially at partial load conditions. The percentage increase 
in BSFC of B100 as compared to pure diesel increases with the decrease of 
engine load. The largest increase of BSFC is found to be 28.1% at 10% load. 
Whereas for BTE, the thermal efficiency is found to be reduced at low engine 
loads, and increased at high engine loads. This is presumably due to higher 
kinematic viscosity of biodiesel which predominate the fuel evaporation 
process, resulting to a poorer fuel atomization and mixing with air, thereby a 
poorer combustion process and reduced thermal efficiency. Furthermore, the 
characteristics of carbon monoxide (CO) emissions are also changed at partial 
load conditions. When running at lower engine loads, the CO emission 
increases with the increase of biodiesel blend ratio and the decrease of engine 
speed. However, at higher engine loads, an opposite trend is obtained.  
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     To further discern the major factors affecting biodiesel’s performance and 
emission characteristics at partial load conditions, a numerical study using the 
coupled KIVA-CHEMKIN code was performed to simulate the fuel oxidation 
and emission formation processes for a diesel engine fueled by diesel, 
biodiesel and their blend fuels. Selected engine operating conditions consisting 
of an engine speed of 2400 rpm and engine loads of 10%, 50% and 100% were 
chosen to specifically investigate the effects of engine loads. Simulated results 
were validated against experimental results in terms of in-cylinder pressure, 
apparent heat release rate as well as the engine emission patterns. It is 
observed that the same as experimental observations, low load conditions (10% 
load) have a remarkable impact on the engine CO emissions. The CO 
formation window occurs after the top dead center, and the overall CO 
development and oxidation window is narrower with the increase of biodiesel 
blend ratio. Besides, the peak in-cylinder CO concentration is found to be the 
greatest for diesel fuel, followed by B50 and B100, whereas, for the final 
engine out emissions, remarkable increase in the CO emissions is observed 
with the increase of biodiesel blend ratio. The major factors contributing to the 
reduction of peak CO concentration with the increase of biodiesel blend ratio 
include: (i) higher viscosity of biodiesel fuel slows down the fuel evaporation 
process which leads to less fuel rich zones at the earlier stage of combustion; 
and (ii) the oxygen atoms from biodiesel reduces the probability of forming 
fuel rich zones and hence lowers the CO formations. For the narrowed CO 
development and oxidation window, it is mainly attributed to the reduced in-
cylinder combustion temperature which is resulted from: (i) the extra oxygen 
atoms contained in biodiesel creates extra-lean combustion environment, 
causing the flame temperature to drop faster; and (ii) the lower calorific value 
of biodiesel leads to lower heat release rate and hence lower in-cylinder 
temperature.  
     As for NO emission, it is found to be the greatest for diesel fuel, followed 
by B50 and B100. This is mainly due to the lowered in-cylinder combustion 
temperature for B50 and B100, which is the dominating factor determining the 
formation of thermal NO. The reduced in-cylinder temperature is as expected 
since the calorific value of biodiesel is lower than that of diesel which will 
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Chapter 6 Hydrogen Assisted Diesel/Biodiesel Combustion in a 
Diesel Engine 
6.1 Introduction 
The earlier experimental and numerical studies (as presented in Chapter 5) 
reveal that there are two major limitations associated with biodiesel 
combustion especially under partial load conditions. The higher viscosity of 
biodiesel significantly suppresses the fuel spray, atomization and mixture 
formation processes, which results in deteriorated combustion environments. 
In conjunction with the reduced heating value of biodiesel, the power output 
derived from biodiesel combustion is lowered, which translates to increased 
BSFC. In terms of emissions, carbon monoxide emission is tangibly increased 
at partial load conditions which are mainly resulted from the deteriorated 
combustion and narrowed CO oxidation duration as explained earlier. 
     To tackle the reduced power and increased CO emission challenge faced by 
biodiesel combustion, there is a great need to find a feasible combustion 
strategy to enhance biodiesel’s combustion and emission characteristics 
especially under partial load conditions where extra-lean combustion 
environments are dominated. Among the various combustion strategies, 
hydrogen assisted dual fuel combustion is often recognized as a promising 
solution. Hydrogen possesses many superior combustion and emission 
characteristics over other liquid or gaseous fuels. For example, due to the 
absence of carbon atom, hydrogen combustion does not produce any harmful 
emissions such as HC, CO, or organic acids [48, 124]. It has a high diffusivity 
which creates uniformly distributed fuel air mixture and wide flammability 
range which permits the use of ultra-lean combustion [47, 49, 125-127].  Due 
to the faster flame speed of hydrogen, the combustion duration of hydrogen-air 
mixture could be significantly shortened compared to other fuel-air mixtures. 
Together with the high heating value of hydrogen, the heat release rate (HRR), 
pressure rise rate and peak cylinder pressure could be significantly increased, 
which translate to improved power output and increased thermal efficiency. 
Meanwhile, the elevated combustion temperature could also help burn off the 
particulate matter which would form during pilot fuel combustion [128].   
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     As a result of these favorable properties, hydrogen offers the potential to 
enhance the overall combustion rate and improve the thermal efficiency of a 
dual fuel compression ignition engine. In dual fuel combustion mode, 
hydrogen is normally introduced into the engine as a secondary fuel by 
carburation, manifold/port injection or direct in-cylinder injection [129]. 
Tomita et al. [130] studied the effects of hydrogen induction on the 
combustion and exhaust emissions of a single cylinder diesel engine. It was 
found that at the injection timing of 3.5 degrees ATDC, smoke tangibly 
decreased. The HC, CO and CO2 emissions also decreased with the increase of 
hydrogen induction. Similar conclusions were also drawn by Samuel and 
McCormick [131] who investigated the performance and emission 
characteristics of a diesel engine with oxy-hydrogen mixture induction 
through the air stream. They identified that the fuel consumption, CO2 and CO 
emissions could be reduced significantly by introducing small amounts of 
hydrogen and oxygen. In terms of performance and combustion characteristics, 
Lata et al. [132] presented a detailed experimental investigation on a 4-
cylinder dual fuel diesel engine with hydrogen and LPG as secondary fuels. 
They observed that with 30% of pure hydrogen used as a secondary fuel, the 
maximum rate of pressure rise increased by 0.82 bar/ ºCA as compared to that 
with pure diesel operation, while, the peak cylinder pressure and combustion 
duration increased by 8.44 bar and 5 ºCA respectively. As for the brake 
thermal efficiency (BTE), results obtained by Saravanan and Nagarajan [129] 
showed that the BTE of hydrogen diesel dual fuel operation increased by 15% 
compared to pure diesel fuel at 75% load. But at low load operation, Gatts et 
al. [124] found a deterioration in BTE with the addition of hydrogen. They 
analyzed that the deterioration in BTE was mainly due to the emissions of 
unburned H2. For hydrogen assisted biodiesel combustion, Kumar et al. [133] 
experimentally studied the influence of hydrogen induction on the 
performance of a diesel engine fueled by Jatropha vegetable oil. Experimental 
results indicated that the brake thermal efficiency increased from 27.3% to 
29.3% with 7% of hydrogen mass share at the maximum power output. The 
exhaust emissions such as smoke, HC and CO were also reduced due to the 
absence of carbon atom in hydrogen, as well as the elevated combustion 
temperature which enhanced the oxidation rate of PM, HC and CO.  Similar 
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conclusions were also drawn by Geo et al. [49] who studied the dual fuel 
operation of hydrogen with rubber seed oil and its biodiesel. In terms of 
combustion characteristics, Korakianitis et al. [47] reported that the high flame 
propagation speed of hydrogen together with the slightly increased ignition 
delay, could result in a higher pressure rise rate and peak cylinder pressure. 
The direct result of this improved performance is the slightly increased NOx 
emissions. But this could be potentially resolved by the use of EGR technique 
and emulsified biodiesel as presented by [48, 134] and [135], respectively. 
However, the opposite trend was also observed by other researchers [136, 137] 
who claimed that the NOx emissions were smaller for dual fuel combustion 
especially at medium and high engine loads, and they attributed it to the 
combined effects of hydrogen addition and late pilot fuel injection, 
contributing to a low temperature combustion.  
     Besides these experimental investigations, there are also some numerical 
studies on the dual fuel combustion of hydrogen and diesel fuel. Masood et al. 
[138] used FLUENT software and considered seven major chemical species in 
diesel engine combustion: fuel, O2, N2, CO2, H2, H2O and CO to comparatively 
study the effect of direct injection of hydrogen into the combustion chamber 
with that of induction through the intake manifold. The CFD analysis revealed 
that the NOx formation tendency was higher in the case of induction than that 
of direct injection. However, in this study, no detailed chemical reaction 
model was developed for the combined oxidation of diesel and hydrogen. Lilik 
et al. [139] conducted an investigation of hydrogen assisted diesel combustion 
with a focus on exhaust emissions of NOx. The CFD results suggested that the 
increase of NOx with H2 addition was not a result of changes in thermo NO, 
but the increase of HO2 which enhanced the conversion of NO to NO2. But it 
is noted that in this paper, no information on CO and soot emissions were 
presented. So from the above mentioned works we can see, most of the 
previous investigations relied purely on experimental approach and only very 
limited numerical simulations were carried out for hydrogen assisted diesel 
combustion with some specific focuses. In addition, to the best knowledge of 
the authors, there is no study focused on the hydrogen assisted biodiesel 
combustion via numerical approach, no detailed chemical reaction model has 
been developed for the combined combustion of hydrogen and biodiesel. 
122 
 
     The objective of this chapter is to do a comprehensive study on the 
performance, combustion and emission characteristics of a hydrogen assisted 
diesel/biodiesel combustion under various engine operating conditions. 
Detailed reaction mechanisms have been developed to take into account the 
diesel/biodiesel and hydrogen reaction kinetics, with the CO, NOx and soot 
formation mechanisms embedded. Developed reaction mechanisms were 
validated by the experimental results with no hydrogen induction. Further 
simulations were then performed on a diesel engine fueled by diesel/biodiesel 
fuel with 0.5%, 1%, 2% and 3% vol H2 in air. Through analyzing the 
simulation results, the feasibility of hydrogen assisted dual fuel combustion 
strategy for an improve combustion will be examined. 
 
6.2 Hydrogen Assisted Diesel Combustion 
6.2.1 Numerical Modeling 
Numerical models and experimental approach 
     Simulations were conducted using multi-dimensional software KIVA4 
coupled with CHEMKIN II. A detailed description on the numerical models of 
the coupled KIVA-CHEMKIN code can be found in Chapter 4. Developed 
dual fuel oxidation models were validated by the experimental results as 
presented in Chapter 5. For the purpose of this study, 9 different cases 
covering three engine speeds (1600, 2400 and 3200 rpm) and three engine 
loads (10%, 50% and 100% load) were chosen trying to perform a detailed 
investigation over a wide range of engine operating conditions especially at 
partial load conditions.  
Diesel and hydrogen oxidation chemistries 
     A detailed reaction mechanism was constructed by integrating the Diesel 
Oil Surrogate (DOS) model developed at Chalmers University of Technology 
[140] with the detailed hydrogen combustion reaction mechanism obtained 
from the Lawrence Livermore National Laboratory [141]. The original DOS 
model contains 70 species participating in 305 reactions, including the detailed 
oxidation pathways of n-heptane (C7H16) and toluene (C7H8), while the 
detailed hydrogen combustion reaction mechanism contains 8 species 
participating in 21 reactions. Chemical formula C14H28 was considered to be 
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the single component fuel species and it was assumed to be decomposed into 
its constituent components of n-heptane and toluene through a global reaction 
as shown in Eqn.6.1. The detailed chemical and thermo-physical properties of 
C14H28 such as critical properties, vapor pressure, latent heat of vaporization, 
liquid density, liquid viscosity, liquid thermal conductivity, gas diffusion 
coefficients and surface tension were compiled into the KIVA4 fuel library. 
                                         OHHCHCOHC 28716722814 25.05.1                    (6.1) 
     The DOS reaction mechanism also integrates the NOx and soot formation 
mechanisms. The NOx formation mechanism includes the extended Zeldovich 
mechanism, the N2O to NO branch and the NO to NO2 branch. For the soot 
formation mechanism, phenyl radical (C6H5) is generated during the initial 
stage of toluene oxidation, and from which soot precursor A2R5 is formed via 
the HACA mechanism (H-Abstraction-C2H2-Addition). The transformation 
from soot precursor to soot particles is achieved via a one-step reaction as 
shown in Eqn.6.2. Detailed descriptions on the DOS mechanism can be found 
in [140]. 
                                            2
4)(1252 HsCRA                                        (6.2)      
Operating conditions 
     The KIVA-CHEMKIN simulations were performed on aforementioned 9 
engine operating conditions with and without hydrogen induction. For each 
engine operating condition, numerical studies were conducted with hydrogen 
induction of 0%, 0.5%, 1%, 2, and 3% vol H2 in air. The initial volume 
fraction of hydrogen was converted into mass fraction and was given in the 
KIVA4 input file. The percentage of energy substitution was calculated for 
each case and the mass amount of fuel injected was adjusted such that on the 
energy basis the energy input was maintained as a constant value with and 
without hydrogen induction. In order to calculate the energy substitution, the 
lower heating value of ultra-low sulfur diesel is about 44.8 MJ/kg [95], and 
hydrogen is typically 120 MJ/kg. Furthermore, all the simulations were 
conducted using the 60-degree sector mesh generated based on the bowl 
geometry of the 2KD-FTV Toyota car engine. A detailed mesh independence 




6.2.2 Model Validation 
The developed reaction mechanism was first validated by comparing the in-
cylinder pressure and heat release rate (HRR) between the experimental results 
and simulation results for each of the 9 engine operating conditions with 0% 
of hydrogen induction. As seen in Fig.6.1, the ignition delay time and the 
cylinder pressure predicted matched very well with the experimental results, 
indicating that the developed reaction mechanism is sufficiently good to 
represent the significant reaction pathways. For most of the cases, the 
predicted peak heat release rates are higher than those calculated from 
experimental cylinder pressure curves. This is due to the fact that the gross 
heat release rate is calculated from the chemical reactions and the wall heat 
transfer effects are not taken into account. 
 
6.2.3 Combustion and Emission Characteristics 
Performance characteristics  
Indicated thermal efficiency 
     Fig.6.2 shows the effect of hydrogen induction on the indicated thermal 
efficiency (ITE) of the engine at 1600 rpm, 2400 rpm and 3200 rpm 
respectively. The ITE is calculated as: 






                                           (6.3) 
where IP is the indicated power, m is the fuel consumption rate, and CV is 
the calorific value of the fuel. 
     As seen in Fig.6.2a, at the engine speed of 1600 rpm, ITE increases 
substantially with the increase of hydrogen induction, implying an improved 
combustion. The largest increase in ITE occurs at 10% load where the 
percentage increases are 8.13%, 14.06%, 26.79%, and 34.69% for the cases 
with H2 induction of 0.5%, 1%, 2% and 3%, respectively. It can be further 
demonstrated by the increased cylinder pressure and heat release rate which 
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Figure 6.1 Validation of simulation results of diesel combustion without H2 induction
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3200 rpm as presented in Fig.6.2b and Fig.6.2c, no significant changes in the 
ITE can be observed with the addition of hydrogen especially at 50% load and 
100% load. Gatts et al. [124] experimentally observed a close correlation 
between the engine brake thermal efficiency and the combustion efficiency of 
the fuel. They claimed that considering the extremely high combustion 
efficiency of diesel and low combustion efficiency of hydrogen, the overall 
combustion efficiency and the overall brake thermal efficiency decreased with 
the increase of H2. On the other hand, the high burning velocity of hydrogen 
will contribute to an improved combustion which may compensate for the side 
effect resulted from its low combustion efficiency, and this may be the reason 
for the unchanged ITE at 2400 rpm and 3200 rpm. However, an exception 
occurs at high speed of 3200 rpm and 10% load where the ITE decreases 
linearly with the addition of H2. This may attribute to the unburned H2 resulted 
from the following two reasons: 1) at high engine speed of 3200 rpm, less 
cycle time is available for a complete combustion and 2) at 10% load, large 
energy substitution is induced into the engine. For example, when 3 volume% 
of hydrogen is induced into the intake stream, the energy substitution at 50% 
load and 100% load is less that 20%, however this value increases to 50.4% at 
10% load.  To keep the input energy the same as that of pure diesel, 50.4% 
less diesel will be injected, which reduces the fuel/air equivalence ratio 
dramatically. Meanwhile, hydrogen has a much higher auto-ignition 
temperature than diesel fuel. As a result, the ignition delay of dual fuels is 







Figure 6.2 Effect of hydrogen induction on the indicated thermal 
efficiency at a) 1600 rpm, b) 2400 rpm and c) 3200 rpm 
Combustion characteristics 
In-cylinder pressure 
     The cylinder pressure curves have been compared at the 9 engine operating 
conditions as shown in Fig.6.3 (see page 129). At 1600 rpm, hydrogen causes 
the cylinder pressure to increase consistently with the increase of H2 induction 
at all engine loads. The same as ITE, the largest increase in the peak cylinder 
128 
 
pressure occurs at 10% load and 1600 rpm where the percentage increases in 
the peak cylinder pressure are 1.25%, 3.73%, 14.90% and 23.72% for the 
cases with H2 induction of 0.5%, 1%, 2% and 3%, respectively. This is mainly 
because: 1) at low engine speeds, cycle time is relatively longer compared to 
that at high engine speeds which enables more complete combustions for both 
diesel and H2, and 2) the high burning velocity of H2 increases the overall 
combustion rate and peak heat release rate (it will be discussed in details in the 
later section), which in turn leads to the increase of pressure rise rate and peak 
cylinder pressure. However, as the engine speed increases to 2400 rpm and 
3200 rpm, there are no apparent changes on the cylinder pressure curves 
except the case at 3200 rpm and 10% load conditions. This may attribute to 
the unburned H2 due to less cycle time available for a complete combustion at 
a high engine speed of 3200 rpm. 
 Heat release rate 
     To better understand the combustion characteristics of a hydrogen assisted 
diesel engine, the apparent heat release rates were compared at three 
representative cases of 10% load 1600 rpm, 10% load 3200 rpm and 100% 
load 1600 rpm as shown in Fig.6.4a, Fig.6.4b, and Fig.6.4c, respectively (see 
page 130). Hydrogen combusts as the premixed fuel is ignited by the diesel 
pilot injection (for multiple injection) or during the initial stage of the main 
injection (for single injection). As hydrogen burns quickly, there is more 
premixed fuel burned prior to the main injection resulting to a distinct increase 
in the peak heat release rate from the pilot injection as shown in Fig.6.4a (with 
multiple injection), or during the initial stage of main injection (with single 
injection), thereby increasing the overall peak heat release rate as shown in 
Fig.7c. However, the opposite trend is observed at 10% load and 3200 rpm, 
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Figure 6.4 Heat release rate at a) 10% load 1600 rpm, b) 10% load 3200 




Carbon monoxide emission 
     The effect of hydrogen induction on the carbon monoxide emissions were 
investigated at 1600 rpm, 2400 rpm and 3200 rpm as shown in Fig.6.5. At the 
low engine speed of 1600 rpm, substantial reductions on the CO emissions are 
observed at all engine loads. The largest reduction (99%) in CO emission is 
found to be at 10% load with 3% of H2 induction. A similar finding was also 
reported by Samuel and McCormick [131] who conducted an experimental 
study at 1500 rpm and 5.3 bars BMEP engine load that the CO emission 
dropped by 65% with 2.8 liters per minute (lpm) of oxy-hydrogen supply. This 
may due to the fact that hydrogen is a carbon free fuel, with large amount of 
energy substitution at 1600 rpm especially under 10% load, the fuel based CO 
emission level drops linearly with the introduction of hydrogen rate. Another 
possible reason is that high burning velocity of hydrogen can improve the 
combustion process, enabling a more complete combustion and reducing the 
CO emissions. However, these effects are less pronounced with the increase of 
engine speed and engine load due to the smaller percentage of energy 
substitution and less cycle time available for a more complete combustion as 







Figure 6.5 Effect of hydrogen induction on the carbon monoxide emission 
at a) 1600 rpm, b) 2400 rpm and c) 3200 rpm 
 
Nitrogen oxides emission 
     Fig.6.6a, Fig.6.6b and Fig.6.6c compare the nitrogen oxides emissions with 
and without hydrogen induction at 1600 rpm, 2400 rpm and 3200 rpm, 
respectively. As known, NOx formation is mostly affected by the local gas 
temperature, oxygen concentration and residence time. The earlier discussion 
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shows that an improved combustion occurs at 1600 rpm regardless of the 
engine load with the addition of H2, contributing to an increased peak heat 
release rate and peak cylinder pressure. However, the drawback of this 
improved combustion is the slight increase in NOx emissions as shown in 
Fig.6.6a. Whereas at 2400 rpm and 3200 rpm, no tangible changes on the NOx 
emissions are observed which also reflect the insignificant changes on the 






Figure 6.6 Effect of hydrogen induction on the nitrogen oxides emission at 
a) 1600 rpm, b) 2400 rpm and c) 3200 rpm 
 
 Soot emission 
     Similar to CO emission, fuel-based soot formation should be reduced as the 
hydrogen substitution increases since it is a carbon free fuel. As expected, the 
soot emissions decline with the percentage of H2 induction increases under 
majority of the engine operating conditions as shown in Fig.6.7. Generally, 
large amount of soot formation occurs in the diffusion flame during the 
mixing-controlled burning phase. With the continuing of combustion process 
and the entrainment of oxygen, in the regions with high enough temperature, 
soot will be oxidized and its emission level will drop [139]. For the conditions 
at low engine speed and partial load conditions such as the case at 1600 rpm 
and 10% load, more premixed fuel and hydrogen have found to be burned with 
the increase of hydrogen addition, resulting in a high peak heat release rate 
from the pilot injection. So on the contrary, less pronounced combustion 
occurs during the diffusion combustion phase and a lower peak heat release 
rate was found during the main injection as shown in Fig.6.4a, resulting to 
more soot formations and leading to the slight increase in the overall soot 









Figure 6.7 Effect of hydrogen induction on the soot emission at a) 1600 
rpm, b) 2400 rpm and c) 3200 rpm 
 
 
6.3 Hydrogen Assisted Biodiesel Combustion 
6.3.1 Numerical Modeling 
Numerical models and experimental approach 
     Simulations were conducted using multi-dimensional software KIVA4 
coupled with CHEMKIN II. A detailed description on the numerical models of 
the coupled KIVA-CHEMKIN code can be found in Chapter 4. Developed 
dual fuel oxidation models were validated by the experimental results as 
presented in Chapter 5. For all the simulated cases, simulations were 
conducted using the 60-degree sector mesh generated based on the bowl 
geometry of the 2KD-FTV Toyota car engine. A detailed mesh independence 
test can be found in section 5.3.1.  
Biodiesel and hydrogen oxidation chemistries 
     A hydrogen assisted biodiesel combustion chemistry was constructed by 
integrating a tri-component biodiesel reaction mechanism developed by 
Brakora [121] with the skeletal soot formation and oxidation kinetics proposed 
by Tao et al. [88], as well as the detailed hydrogen reaction mechanism [141]. 
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The tri-component biodiesel reaction mechanism includes the chemical 
reaction kinetics of methyl decanoate (MD), methyl-9-decenoate (MD9D) and 
n-heptane. It consists of 69 species and 204 elementary reactions with the CO 
and NOx reaction mechanisms embedded, which is very practical for CFD 
applications. The soot formation mechanism presented by Tao et al. consists 
of series of elementary reactions leading from acetylene and hydrogen to the 
formation of the first aromatic ring, 1A . Subsequent reactions leading to the 
formation of phenyl 

1A  radical and the first aromatic ring are achieved by the 
successive stages of H- abstraction and C2H2- addition (HACA- mechanism), 
yielding a chain of aromatic rings. When a sufficiently high order is achieved, 
a one-step transition from aromatic ring to soot is postulated. In this study, the 
high order ring was stopped at 26 HC , long-chain acetylene, and 52 RA , 
acenaphtylene. Detailed descriptions on the soot formation and oxidation 
mechanism can be found in the earlier section 3.4.2 (or in  [94]).  
The final developed mechanism (see Appendix B) comprises 107 species 
and 443 elementary reactions, which is still feasible for three dimensional 
computational fluid dynamics simulations. For neat biodiesel (B100) 
simulation, one mole of biodiesel was assumed to be composed of 0.5 mole of 
MD, 0.5 mole of MD9D and one mole of n-heptane. Furthermore, upon the 
combination of the above mechanisms, ignition delay calculations and 
sensitivity analysis were performed using SENKIN code for pressures from 1 
to 100 atm and equivalence ratios from 0.5 to 2. The initial temperatures were 
chosen to be from 700 to 1800 K, and the ignition delay times of the 
developed reaction mechanism were compared against those of the detailed 
reaction mechanism (3299 species and 10806 reactions) as presented in [81]. 
In the present study, ignition delay timing was defined as the time at which a 
temperature rise of 400 K above the initial unburned gas temperature was 
achieved. After performing the sensitivity analysis, the following reactions 
(see Eqn.6.4-6.6) were found to be very sensitive to the ignition delay time 
under most of the testing conditions, and parametric adjustments (Highlighted 
in bold) to the Pre-exponential factor (A factor) of these reactions were 




         222 6 OHJMDHOMD       02410.4 E       . 1 764E 03           (6.4)     
 222 699 OHJDMDHODMD     03477.1 E       . 2 954E 03           (6.5) 
    5342 59 HCJMFHCDMD      15563.1 E        . 6 250E 16          (6.6) 
Operating conditions 
  For the purpose of this study, 6 engine operating conditions covering two 
engine speeds (2400 rpm and 3200 rpm) and three engine loads (10%, 50% 
and 100%) were chosen so as to perform a more comprehensive and detailed 
investigation. For each engine operating condition, simulations were 
conducted for biodiesel combustion with hydrogen induction of 0%, 0.5%, 
1%, 2% and 3% vol H2 in air. Meanwhile, to maintain a constant energy input 
for all the cases with and without hydrogen induction, the percentage of 
energy substitution was calculated for each individual case and the mass 
amount of fuel injection was adjusted. In this study, the lower heating value of 
biodiesel and hydrogen are 39.1 MJ/kg and 120 MJ/kg, respectively.  
 
6.3.2 Model Validation 
The developed skeletal reaction mechanism was first validated against the 
detailed biodiesel reaction mechanism by comparing the ignition delay in an 
adiabatic system with a constant volume. Fig.6.8 plots the ignition delay 
predictions for different initial pressures and equivalent ratios over a range of 
initial temperatures using the skeletal and detailed reaction mechanisms. In 
general, a good agreement has been obtained, indicating that the developed 
skeletal mechanism accurately mimics the ignition delay behavior of the 
biodiesel-air mixture. To further validate the developed biodiesel surrogate 
mechanism, three dimensional CFD simulations were conducted using the 
coupled KIVA-CHEMKIN code. The in-cylinder pressure and heat release 
rate (HRR) curves were compared between the experimental results and 
simulation results for each of the 6 engine operating conditions with 0% of 
hydrogen induction. As seen in Fig.6.9, the predicted cylinder pressure curves 
and heat release rates matched very well with the experimental results, 
indicating that the developed reaction mechanism is sufficiently good to 






Figure 6.8 Comparisons of ignition delay predictions between the skeletal 
mechanism and the detailed mechanism at an equivalent ratio of a) 0.5, b) 
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Figure 6.9 Validation of simulation results of biodiesel combustion with H2 induction
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6.3.3 Combustion and Emission Characteristics 
Combustion characteristics 
In-cylinder pressure 
     Fig.6.10 plots the effects of hydrogen induction on engine cylinder 
pressures. As can be seen, the peak cylinder pressure increases substantially 
and consistently with the increase of hydrogen induction at both the medium 
(50%) and high (100%) engine loads. The most apparent improvement is 
recognized at 2400 rpm and 100% engine load conditions, where the 
percentage increase in the peak cylinder pressure are 0.35%, 1.29%, 4.11% 
and 10.05% for the cases of biodiesel combustion with 0.5%, 1.0%, 2.0% and 
3.0% vol of H2 induction, respectively. By considering the same energy input, 
the increased peak cylinder pressure translates to improved engine 
performance and increased thermal efficiency. The enhanced combustion is 
mainly due to the high burning velocity and fast flame propagation speed of 
hydrogen, which significantly increases the overall combustion rate. However, 
the opposite trend is observed at light (10%) load conditions, where decreased 
cylinder pressures are observed. A similar trend was also reported by Kumar 
et al. [133], and they explained that under light load operating conditions, the 
inducted hydrogen-air mixture was too lean to get ignited properly and burn 
with a sufficiently high flame speed.  Besides when the hydrogen share was 
high, the pilot fuel quantity was very small, leading to poor ignition and 
combustion. The same phenomenon is also observed in our numerical 
simulations. For example, at 10% load and 3200 rpm conditions, the 
percentages of energy substitution are 7.7%, 15.4%, 30.8% and 46.2% for the 
cases of 0.5%, 1.0%, 2.0% and 3.0% vol of H2 induction, respectively. With 
less biodiesel fuel injected, the overall fuel/air equivalence ratio and cetane 
number reduce dramatically which lead to prolonged ignition delay and poor 
combustion. Furthermore, during high engine speed operations, less cycle time 
is available for a complete combustion especially with a large amount of 
hydrogen mass share, resulting to reduced combustion efficiency and engine 
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Figure 6.10 Cylinder pressure comparison of biodiesel combustion with an without hydrogen induction
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3.2.2 Heat release rate 
     Fig.6.11 compares the apparent heat release rates at the engine speed of 
2400 rpm and engine loads of 10%, 50%, and 100%. The inducted hydrogen 
gas combusts during the initial stage of biodiesel fuel injection. With the high 
burning velocity and fast flame propagation speed of hydrogen, an enhanced 
combustion and increased combustion rate is achieved at 50% and 100% 
engine loads, contributing to a distinct increase in the peak heat release rate as 
shown in Fig.6.11b and Fig.6.11c. However, the opposite trend is observed at 
10% load as shown in Fig.6.11a, this may due to the significantly reduced 







Figure 6.11 Heat release rate comparisons at a) 10% load 2400 rpm, b) 50% 
load 2400 rpm and c) 100% load 2400 rpm 
 
Emission characteristics 
Carbon monoxide emission 
      The effect of hydrogen induction on the carbon monoxide emissions were 
investigated at 2400 rpm and 3200 rpm as shown in Fig.6.12a and Fig.6.12b, 
respectively. A general trend of reduced CO emissions is observed at all the 
engine speeds and loads. The most consistent and tangible reduction in the CO 
emissions is found at 100% load and 2400 rpm conditions, where the 
percentage reduction in the CO emissions are 23.5%, 35.1%, 66.5% and 
98.8% with 0.5%, 1.0%, 2.0% and 3.0% vol of H2  induction. The primary 
reason for the reduced CO emission is due to the reduction in the amount of 
total carbon in the inducted fuel. This can be proved by the transient CO 
formation contours as presented in Fig.6.13, the spatial and temporal 
distribution of the in-cylinder CO formations at 5 °ATDC, 20 °ATDC and 40 
°ATDC under 100% load and 2400 rpm conditions. As can be seen, during the 
initial fuel injection (5 °ATDC) and oxidation process (20° ATDC), the CO 
mole fraction contours reduce consistently with the increase of hydrogen 
induction. More obvious reductions can be seen at 40 °ATDC. This may due 
to the high burning velocity and fast flame propagation speed of hydrogen 
which increase the overall combustion rate, leading to high combustion 
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temperatures and enabling a more complete combustion and reduced CO 
emissions.  
 
     
 
 
Figure 6.12 Effect of hydrogen induction on the carbon monoxide 
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Figure 6.13 Spatial and temporal plot of the in-cylinder CO mole fractions at 5° ATDC, 20° ATDC and 40° ATDC 
 under 100% load and 2400 rpm conditions 
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Nitrogen oxides emission 
     Local gas temperature, oxygen concentration and residence time are the 
three major factors affecting the formation of NOx emissions. Our earlier 
discussion has shown that an improved combustion occurs at 50% and 100% 
engine load conditions with the addition of H2, contributing to an increased 
peak heat release rate and thermal efficiency. However, the drawback of this 
enhanced combustion is the slightly increased NOx emissions at medium and 
high engine loads as shown in Fig.6.14a and Fig.6.14b. A more visible 
evidence is shown in Fig.6.15 (see page 149) which describes the spatial 
distribution of in-cylinder gas temperature and NO mole fractions at 20 
°ATDC under 100% load and 2400 rpm conditions. As seen, the local gas 
temperature becomes higher and more homogeneous as the hydrogen mass 
share increases. The same pattern is found on the NO formation contours, 
which agrees well with the thermal NO formation mechanism. Whereas at 
10% load, a remarkable reduction in the NOx emissions is observed due to the 









Figure 6.14 Effect of hydrogen induction on the nitrogen oxides emissions 
at a) 2400 rpm and b) 3200 rpm 
 
Soot emission 
     Similar to the CO emissions, the soot emissions generally decline with the 
increase of H2 induction, especially at full load conditions as shown in 
Fig.6.16a and Fig.6.16b (see page 150). Again, the major reason for the 
reduced soot emissions is due to the carbon free natural of hydrogen as 
explained earlier. Further proof can be seen in Fig.6.17 (see page 151) which 
presents the spatial and temporal distribution of the soot mole fraction at 5 
°ATDC, 20 °ATDC and 40 °ATDC under 100% load and 2400 rpm 
conditions. Like CO emissions, during the initial stage of fuel injection and 
combustion processes as shown at 5 °ATDC and 20 °ATDC, respectively, the 
soot concentrations decreases consistently with the increase of hydrogen 
induction. Furthermore, a more significant reduction in the soot concentration 
occurs at 40 °ATDC. This is because with the continuation of the combustion 
process and entrainment of oxygen, in the regions with high temperature, soot 
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Figure 6.15 Spatial plots of the in-cylinder gas temperature distribution and NO mole fractions at 20° ATDC 






Figure 6.16 Effect of hydrogen induction on the exhaust emissions of soot 
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Figure 6.17 Spatial and temporal plot of the in-cylinder soot mole fractions at 5° ATDC, 20° ATDC and 40° ATDC 




     In this chapter, multi-dimensional simulations were conducted to 
numerically study the performance, combustion and emission characteristics 
of hydrogen assisted diesel/biodiesel combustion. Simulations were performed 
under various engine speed and load conditions. For each case, a detailed 
reaction mechanism was developed to include the reaction pathways of 
diesel/biodiesel and hydrogen with CO, NOx and soot formation kinetics 
embedded. Hydrogen was assumed to be inducted through the intake manifold 
with 0%, 0.5%, 1%, 2% and 3% vol of H2 in air. The developed reaction 
mechanism was validated against the experimental results with 0% of H2 
induction. Good agreements between the simulation results and experimental 
results have been obtained. 
     Simulation results revealed that hydrogen assisted dual fuel combustion 
strategy seemed to be more suitable to improve the combustion process of 
biodiesel with reduced emissions. For example, for hydrogen assisted diesel 
combustion, the indicated thermal efficiency increased significantly at low 
engine speeds with the addition of hydrogen especially at 10% load, whereas 
at high engine speed and high engine load conditions, no tangible changes on 
engine performance or combustion characteristics were observed. In terms of 
emissions, the CO and soot emissions were shown to be reduced under most of 
the engine operating conditions due to the “carbon free” nature of hydrogen. 
On the other hand, for hydrogen assisted biodiesel combustion, the peak 
cylinder pressure and heat release rate increased significantly at 50% and 
100% engine loads due to the high burning velocity and fast flame propagation 
speed of hydrogen. However, a reduced performance was seen at light load 
(10% loads) conditions, due to the poor ignition and combustion process 
resulted from the reduced pilot fuel injection and the uncompleted combustion 
of hydrogen. As for hydrogen assisted diesel combustion, a general decreasing 
trend was observed for CO and soot emissions under all the engine speed and 
load conditions for hydrogen assisted biodiesel combustion.   
     The above comparison suggests that hydrogen assisted dual fuel 
combustion strategy is very effective to improve the combustion process of 
biodiesel under most of the engine operating conditions with reduced CO and 
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soot emissions. This is presumably due to the higher viscosity of biodiesel as 
compared to diesel, so the effect of hydrogen induction on biodiesel 
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Chapter 7 Conclusions and Recommendations 
7.1 Conclusions 
This dissertation presents the development of a comprehensive biodiesel 
combustion model for CFD engine simulations. The model incorporates a 
skeletal reaction mechanism which is able to simulate the combustion process 
of diesel, biodiesel and their blend fuels, with realistic fuel properties. In 
addition to the development of biodiesel combustion model, this thesis also 
describes the detailed experimental and numerical investigations on a 4-
cylinder diesel engine in order to study the impact of biodiesel on the engine’s 
performance, combustion and emission characteristics. Furthermore, a 
numerical study is presented to investigate the feasibility of hydrogen assisted 
biodiesel combustion, a potential strategy to improve the combustion process 
of biodiesel with reduced emissions. The major findings of the present study 
are summarized in the following sections. 
 
7.1.1 Biodiesel combustion model development 
A tri-component skeletal reaction mechanism consisting of methyl decanoate, 
methyl-9-decenoate, and n-heptane was developed. It comprises 112 species 
and 498 elementary reactions. Compared with previously developed reaction 
mechanisms, the major features of our new mechanism is its ability to 
simulate the combustion process of diesel, biodiesel and their blend fuels, as 
well as its ability to predict soot generation. Extensive validations were 
performed for the developed skeletal reaction mechanism with 0-D ignition 
delay testing and 3-D engine simulations. The results indicated that the 
developed skeletal mechanism was able to predict accurately the ignition delay 
timings of n-heptane and biodiesel, and it could be successfully integrated into 
3-D engine simulations. 
     For a better representation of biodiesel fuel properties, a detailed physical 
properties prediction model has been developed for the five typical methyl 
esters of biodiesel. Calculated results can be used as the key references for 
biodiesel combustion modeling, and the prediction methodologies presented 
155 
 
herein can be used as guidelines to predict the physical properties of other 
liquid fuels as well.  
 
7.1.2. Combustion and emission characteristics of biodiesel fueled diesel 
engine 
 
In line with the second objective of this present study, the impact of biodiesel 
on diesel engine performance, combustion and emission characteristics has 
been investigated. Unlike other investigations which have been focusing on 
full load engine operating conditions, this present study focused on partial load 
performance. Experimental results showed that partial load conditions had 
significant impact on the engine’s brake specific fuel consumption (BSFC) 
and brake thermal efficiency (BTE) when biodiesel/blend fuels were used. For 
example, the largest increase in BSFC of biodiesel (28.1%) was found at 10% 
load. And for BTE, the results showed that the use of biodiesel resulted in a 
reduced thermal efficiency (up to 10.7%) at lower engine loads. In terms of 
emissions, the characteristics of carbon monoxide (CO) emissions also 
changed at partial load conditions. When running at lower engine loads, the 
CO emission increased with the increase of biodiesel blend ratio. However, at 
higher engine loads, an opposite trend was obtained. This was further proved 
by the numerical study. The simulation results showed that although the peak 
in-cylinder CO concentration was found to be lower for biodiesel fuel, the 
final CO emission was remarkably increased with the increase of biodiesel 
blend ratio. It was discerned that the major factors contributing to the reduced 
peak CO concentration with the increase of biodiesel blend ratio include: (i) 
higher viscosity of biodiesel fuel slowed down the fuel evaporation process 
which leaded to less fuel rich zones at the earlier stage of combustion; and (ii) 
the oxygen atoms from biodiesel reduced the probability of forming fuel rich 
zones and hence lowered the CO formations. For the increased CO emission 
of biodiesel, it was mainly attributed to the reduced in-cylinder combustion 
temperature which resulted from (i) the extra oxygen atoms contained in 
biodiesel created extra-lean combustion environment, causing the flame 
temperature to drop faster; and (ii) the lower calorific value of biodiesel leaded 
to lower heat release rate and hence lower in-cylinder temperature.  
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7.2.3 Hydrogen assisted biodiesel combustion 
The performance and emission characteristics of hydrogen assisted biodiesel 
combustion have been studied numerically. The major objective is to 
investigate its feasibility of improving the combustion process of biodiesel 
with reduced emissions. The simulation results showed that with the increase 
of hydrogen induction, a substantial increase in the peak cylinder pressure and 
heat release rate could be obtained under 50% and 100% load conditions, 
indicating an improved performance. But a reduced performance was observed 
at light load (10% loads) conditions, due to the poor ignition and combustion 
process. In terms of emissions, a general decreasing trend was observed for 
both CO and soot emissions under all engine speed and load conditions, and a 
more remarkable reduction was found at 100% engine load condition. 
Generally, it could be concluded that hydrogen assisted dual fuel combustion 
strategy could be applied to improve significantly the combustion process of 
biodiesel with reduced CO and soot emissions. 
 
7.2 Recommendations for Future Work 
7.2.1 Improvement on biodiesel combustion chemistry 
Although the current skeletal reaction mechanism has been extensively 
validated, there are still some uncertainties regarding the emission predictions, 
especially for soot generation due to the lack of experimental data. Further 
optimization and validations on the emission sub-models should be done for 
better prediction accuracies.  
     Ideally, the ignition delay predictions by the developed skeletal mechanism 
should be compared against shock tube experimental data. Due to the rapid 
development of biodiesel fuels, much of the earlier studies have been focusing 
on the production of biodiesel or the experimental characterization of the 
performance, combustion and emission of a diesel engine fueled by biodiesel, 
whereas limited research has been devoted to the experimental determination 
of biodiesel’s ignition delay timings. As such, during the skeletal mechanism 
generation process, most of the ignition delay predictions have been compared 
against the detailed reaction mechanism. Although validations have been 
performed for the detailed reaction mechanism, only limited initial conditions 
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with low initial pressures and temperatures have been chosen. Thus, it is 
proposed that comprehensive shock tube experiments be performed to 
determine the ignition delay timings for various types of biodiesel over high 
initial pressures and temperatures to cater for the engine operating conditions. 
Further optimization and validation for the derived skeletal reaction 
mechanism should then be performed. 
  
7.2.2 Application of new combustion strategies 
As discussed in Chapter 6, our numerical study has revealed that the hydrogen 
assisted dual fuel combustion strategy appears to be feasible in improving the 
combustion process of biodiesel with reduced CO and soot emissions under 
most of the engine operating conditions. To further validate the proposed 
combustion strategy, experimental studies should be performed before any 
solid conclusions can be drawn. Furthermore, the numerical study also reveals 
the deterioration in the engine performance under 10% load conditions. 
Therefore, it would be necessary to confirm experimentally the above findings, 
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Developed skeletal reaction mechanism for biodiesel combustion 
simulation (CHEMKIN input format) 
 
ELEMENTS                                                                         
H  O   C  N                                                                                
END    
                                                                           
SPECIES                                                                          
MD MD9D NC7H16 O2 N2 CO2 H2O H H2 O N  OH CO NO HO2 H2O2 
CH3O CH2O HCO CH3 CH4 C2H2 C2H3 C2H4 C2H5 C3H4 C3H5 C3H6 
C3H7 C7H15-2 C7H15O2 C5H11CO C4H9 CH2CHO CH2CO  MS6D N2O 
NO2 A2R5 C(S)  C4H2 C7H14O2H C7H15-1 C6H5 A1 C5H11 C3H3 C2H 
C4H3 HCCO A1- A1C2H A1C2H- A2-1 A1C2H)2 A2 A2R5- CH3O2 
CH3O2H C6H2 C7H14O2HO2 CH3CHO C6H12 C7H15O C7H15O2H 
C7KET21 A1C2H2 CH2 C2H6 CH3OH CH3CO C4H8-1  C5H10-1  
C2H4O2H  C2H4O1-2  C4H6  MD2J MD3J MD10J MS7J C5H11-1 MO7D   
MP2D MD2D C7H15-4 C5H9-14 MD9D8J MD9D3J MD3O2 C7H14OOH2-
4  C7H15-3 C5H10OOH1-3  MD3OOH5J C5H10O1-3 MD3OOH5O2 
C7H14OOH2-4O2 MDKET23 MDKET23O MS7OXO MO8OXO MD69D  
MD69D2J  MD9D3O2 MD9D8O2  MD8DXO2  MD9D8O  MD9D6OOH8J       
MD8DXOOH7J MD9D8OOH MD9D6OOH8O2  MD8DXOOH7O2 
MD9DKET23        
END         
                                                                     
REACTIONS                                                                        
 CH2O+CH3O<=>CH3OH+HCO                                 6.620E+11 0.00 2294.0                                      
 REV/ 8.393E+10 0.07 17710.0 /                                                    
 CH4+CH3O<=>CH3+CH3OH                                     6.119E+02 2.87 8248.0                                       
 REV/ 1.440E+01 3.10 6935.0 /                                                     
 CH3O+HO2<=>CH2O+H2O2                                            3.010E+11 0.00 0.0                                          
 REV/ 1.074E+12 -0.03 65270.0 /                                                   
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 CH3OH(+M)<=>CH3+OH(+M)                                 1.900E+16 0.00 91730.0                                    
 LOW / 2.9500E+44 -7.3500E+00 9.5460E+04 /                                        
 TROE / 4.1400E-01 2.7900E+02 5.4590E+03 1.0000+100 /                             
 CH3OH+H<=>CH3O+H2                                            3.600E+12 0.00 6095.0                                          
 REV/ 1.676E+11 0.21 5868.0 /                                                     
 CH3OH+OH<=>CH3O+H2O                                       5.130E+05 2.13 2450.0                                        
 REV/ 2.541E+05 2.24 17120.0 /                                                    
 CH3OH+CH2O<=>CH3O+CH3O                             7.981E+12 0.45 81490.0                                    
 REV/ 6.030E+13 0.00 0.0 /                                                        
 CH3O2+CH3O2<=>CH2O+CH3OH+O2                 3.110E+14 -1.61 -1051.0                              
 CH3O2+OH<=>CH3OH+O2                                              6.000E+13 0.00 0.0                                           
 REV/ 1.536E+13 0.43 59160.0 /                                                    
 C2H5+H(+M)<=>C2H6(+M)                                      5.210E+17 -0.99 1580.0                                     
 LOW / 1.9900E+41 -7.0800E+00 6.6850E+03 /                                        
 TROE / 8.4200E-01 1.2500E+02 2.2190E+03 6.8820E+03 /                             
 H2/2/   H2O/6/   CO/1.5/    CO2/2/   CH4/2/     C2H6/3/                                                                         
 C2H6+HO2<=>C2H5+H2O2                                     3.460E+01 3.61 16920.0                                      
 REV/ 1.849E+00 3.60 3151.0 /                                                     
 H2+CH3O2<=>H+CH3O2H                                      1.500E+14 0.00 26030.0                                       
 REV/ 1.689E+18 -1.14 8434.0 /                                                    
 C2H4O2H<=>C2H5+O2                                         1.814E+45 -11.50 14600.0                                       
 REV/ 7.523E+42 -10.88 -18160.0 /                                                 
 C2H5+O2<=>C2H4O1-2+OH                                     1.626E+11 -0.31 6150.0                                     
 REV/ 3.633E+13 -0.63 39840.0 /                                                   
 C2H5+O2<=>CH3CHO+OH                                        8.265E+02 2.41 5285.0                                        
 REV/ 2.247E+03 2.30 65970.0 /                                                    
 C2H4O2H<=>C2H4O1-2+OH                             8.848E+30 -6.08 2.066E+04                                  
 REV/ 8.199E+30 -5.78 3.793E+04 /                                                 
 C2H4O2H<=>C2H4+HO2                                    3.980E+34 -7.25 2.325E+04                                     
 REV/ 1.922E+32 -6.59 2.021E+04 /                                                 
 C2H4O1-2<=>CH3+HCO                                      3.630E+13 0.00 5.720E+04                                      
 REV/ 1.006E+04 1.55 -2.750E+03 /                                                 
 C2H4O1-2<=>CH3CHO                                        7.407E+12 0.00 5.380E+04                                       
 REV/ 9.013E+10 0.21 8.080E+04 /                                                  
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 CH3CHO+H<=>CH3CO+H2                                1.110E+13 0.00 3.110E+03                                     
 REV/ 7.674E+09 0.63 1.706E+04 /                                                  
 CH3CHO+O<=>CH3CO+OH                               5.940E+12 0.00 1.868E+03                                     
 REV/ 2.156E+09 0.61 1.441E+04 /                                                  
 CH3CHO+OH<=>CH3CO+H2O                           2.000E+06 1.80 1.300E+03                                   
 REV/ 1.471E+04 2.33 3.014E+04 /                                                  
 CH3CHO+O2<=>CH3CO+HO2                           3.010E+13 0.00 3.915E+04                                   
 REV/ 1.092E+11 0.28 -1.588E+03 /                                                 
 CH3CHO+CH3<=>CH3CO+CH4                         1.760E+03 2.79 4.950E+03                                  
 REV/ 1.111E+03 2.98 2.044E+04 /                                                  
 CH3CHO+HO2<=>CH3CO+H2O2                       3.010E+12 0.00 1.192E+04                                 
 REV/ 1.205E+12 -0.06 9.877E+03 /                                                 
 CH3O2+CH3CHO<=>CH3O2H+CH3CO            3.010E+12 0.00 1.192E+04                             
 REV/ 2.344E+13 -0.51 8.282E+03 /                                                 
 CH3CHO+OH<=>CH2CHO+H2O                        1.720E+05 2.40 8.150E+02                                  
 REV/ 1.336E+05 2.51 2.495E+04 /                                                  
 CH3CO(+M)<=>CH3+CO(+M)                            3.000E+12 0.00 1.672E+04                                  
 LOW / 1.2000E+15 0.0000E+00 1.2518E+04 /                                         
 CH3CO+H<=>CH2CO+H2                                   2.000E+13 0.00 0.000E+00                                      
 REV/ 3.841E+15 -0.55 6.073E+04 /                                                 
 CH3CO+O<=>CH2CO+OH                                  2.000E+13 0.00 0.000E+00                                      
 REV/ 2.016E+15 -0.57 5.932E+04 /                                                 
 CH3CO+CH3<=>CH2CO+CH4                            5.000E+13 0.00 0.000E+00                                   
 REV/ 8.766E+18 -0.99 6.227E+04 /                                                 
 C2H4+CH3O<=>C2H3+CH3OH                          1.200E+11 0.00 6.750E+03                                  
 REV/ 8.138E+08 0.29 -7.830E+02 /                                                 
 C2H4+HO2<=>C2H4O1-2+OH                            2.230E+12 0.00 1.719E+04                                  
 REV/ 4.280E+14 -0.36 3.750E+04 /                                                 
 C3H6<=>C3H5+H                                              2.010E+61 -13.26 1.185E+05                                         
 REV/ 1.024E+61 -13.52 3.084E+04 /                                                
 DUPLICATE                                                                        
 C3H6<=>C3H5+H                                              5.620E+71 -16.58 1.393E+05                                         
 REV/ 4.255E+68 -16.16 3.031E+04 /                                                
 DUPLICATE                                                                        
172 
 
 C3H6+O<=>C2H5+HCO                                     1.580E+07 1.76 -1.216E+03                                      
 REV/ 9.272E+01 2.72 2.312E+04 /                                                  
 C3H6+O<=>C3H5+OH                                         5.240E+11 0.70 5.884E+03                                        
 REV/ 5.593E+10 0.70 2.038E+04 /                                                  
 DUPLICATE                                                                        
 C3H6+O<=>C3H5+OH                                         6.030E+10 0.70 7.632E+03                                        
 REV/ 9.569E+06 1.37 8.060E+02 /                                                  
 DUPLICATE                                                                        
 C3H6+OH<=>C3H5+H2O                                   3.120E+06 2.00 -2.980E+02                                     
 REV/ 6.750E+06 1.91 3.050E+04 /                                                  
 DUPLICATE                                                                        
 C3H6+OH<=>C3H5+H2O                                     1.110E+06 2.00 1.451E+03                                      
 REV/ 3.571E+03 2.59 1.093E+04 /                                                  
 DUPLICATE                                                                        
 C3H6+HO2<=>C3H5+H2O2                                 9.640E+03 2.60 1.391E+04                                    
 REV/ 1.135E+06 1.92 1.382E+04 /                                                  
 C3H6+H<=>C3H5+H2                                          1.730E+05 2.50 2.492E+03                                        
 REV/ 3.518E+04 2.52 1.840E+04 /                                                  
 DUPLICATE                                                                        
 C3H6+H<=>C3H5+H2                                          4.050E+05 2.50 9.794E+03                                        
 REV/ 1.224E+02 3.19 4.380E+03 /                                                  
 DUPLICATE                                                                        
 C3H6+H<=>C2H4+CH3                                      1.449E+34 -5.81 1.850E+04                                      
 REV/ 4.572E+28 -4.54 2.716E+04 /                                                 
 C3H6+O2<=>C3H5+HO2                                     4.000E+12 0.00 3.990E+04                                      
 REV/ 4.267E+12 -0.33 1.117E+03 /                                                 
 DUPLICATE                                                                        
 C3H6+O2<=>C3H5+HO2                                     1.400E+12 0.00 6.070E+04                                      
 REV/ 2.220E+09 0.34 5.990E+02 /                                                  
 DUPLICATE                                                                        
 C3H6+CH3<=>C3H5+CH4                                   2.210E+00 3.50 5.675E+03                                     
 REV/ 4.102E+02 3.07 2.312E+04 /                                                  
 DUPLICATE                                                                        
 C3H6+CH3<=>C3H5+CH4                                    8.400E-01 3.50 1.166E+04                                     
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 REV/ 2.318E-01 3.75 7.782E+03 /                                                  
 DUPLICATE                                                                        
 C3H5<=>C2H2+CH3                                            2.397E+48 -9.90 8.208E+04                                        
 REV/ 2.610E+46 -9.82 3.695E+04 /                                                 
 DUPLICATE                                                                        
 C3H5<=>C3H4+H                                                  3.066E+13 0.21 6.128E+04                                           
 REV/ 2.400E+11 0.69 3.007E+03 /                                                  
 DUPLICATE                                                                        
 C3H5+H<=>C3H4+H2                                          1.810E+13 0.00 0.000E+00                                        
 REV/ 5.657E+10 0.76 4.529E+04 /                                                  
 DUPLICATE                                                                        
 C3H4+C3H6<=>C3H5+C3H5                              8.391E+17 -1.29 3.369E+04                                  
 REV/ 1.000E+12 0.00 0.000E+00 /                                                  
 C3H5+O2<=>C3H4+HO2                                    2.180E+21 -2.85 3.076E+04                                     
 REV/ 3.575E+19 -2.44 2.136E+04 /                                                 
 DUPLICATE                                                                        
 C3H5<=>C2H2+CH3                                            2.163E+40 -8.31 4.511E+04                                        
 REV/ 1.610E+40 -8.58 2.033E+04 /                                                 
 DUPLICATE                                                                        
 C3H5<=>C3H4+H                                                3.508E+14 -0.44 4.089E+04                                          
 REV/ 8.500E+12 0.00 2.000E+03 /                                                  
 DUPLICATE                                                                        
 C3H5+O2<=>C3H4+HO2                                    1.890E+30 -5.59 1.554E+04                                     
 REV/ 2.085E+31 -5.86 2.746E+04 /                                                 
 DUPLICATE                                                                        
 C3H5+O2<=>CH2O+CH3CO                              3.710E+25 -3.96 7.043E+03                                   
 REV/ 1.872E+27 -4.43 1.012E+05 /                                                 
 C3H4+OH<=>CH2CO+CH3                                3.120E+12 0.00 -3.970E+02                                    
 REV/ 1.806E+17 -1.38 3.607E+04 /                                                 
 C3H4+O<=>C2H4+CO                                          7.800E+12 0.00 1.600E+03                                        
 REV/ 4.814E+08 1.24 1.210E+05 /                                                  
 C3H4+O<=>C2H2+CH2O                                    3.000E-03 4.61 -4.243E+03                                     
 REV/ 2.320E+02 3.23 8.119E+04 /                                                  
 C2H2+CH3<=>C3H4+H                                      6.740E+19 -2.08 3.159E+04                                      
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 REV/ 4.400E+25 -3.34 2.264E+04 /                                                 
 C4H9<=>C4H8-1+H                                              2.867E+12 0.25 3.540E+04                                         
 REV/ 2.500E+11 0.51 2.620E+03 /                                                  
 C4H8-1<=>C3H5+CH3                                        1.500E+19 -1.00 7.340E+04                                      
 REV/ 1.350E+13 0.00 0.000E+00 /                                                  
 C4H8-1<=>C2H3+C2H5                                      1.000E+19 -1.00 9.677E+04                                     
 REV/ 9.000E+12 0.00 0.000E+00 /                                                  
 C4H6<=>C2H3+C2H3                                          4.027E+19 -1.00 9.815E+04                                       
 REV/ 1.260E+13 0.00 0.000E+00 /                                                  
 C4H6+OH<=>C2H5+CH2CO                               1.000E+12 0.00 0.000E+00                                    
 REV/ 3.730E+12 0.00 3.002E+04 /                                                  
 C4H6+OH<=>CH2O+C3H5                                  1.000E+12 0.00 0.000E+00                                     
 REV/ 3.501E+06 0.00 7.106E+04 /                                                  
 C4H6+OH<=>C2H3+CH3CHO                            1.000E+12 0.00 0.000E+00                                   
 REV/ 5.437E+11 0.00 1.855E+04 /                                                  
 C4H6+O<=>C2H4+CH2CO                                  1.000E+12 0.00 0.000E+00                                     
 REV/ 6.377E+11 0.00 9.434E+04 /                                                  
 C4H6+O<=>CH2O+C3H4                                     1.000E+12 0.00 0.000E+00                                      
 REV/ 1.075E+12 0.00 7.905E+04 /                                                  
 C2H3+C2H4<=>C4H6+H                                      5.000E+11 0.00 7.300E+03                                      
 REV/ 1.000E+13 0.00 4.700E+03 /                                                  
 MD+H=MD2J+H2                                                3.620E+06   2.540   06756.0                                     
 MD+HO2=MD2J+H2O2                7.220E+03   2.550   10530.0                                  
 MD+OH=MD2J+H2O                1.146E+11   0.510   00063.0                                   
 MD+O2=MD2J+HO2                4.080E+13   0.000   41350.0                                   
 MD+O=MD2J+OH                3.936E+05   2.400   01150.0                                     
 MD+CH3=MD2J+CH4                2.720E+00   3.650   07154.0                                  
 MD+CH3O=MD2J+CH3OH              3.800E+10   0.000   02800.0                                
 MD+CH3O2=MD2J+CH3O2H              7.220E+03   2.550   10530.0                              
 MD+H=MD3J+H2                9.100E+06   2.400   04471.0 
 MD+HO2=MD3J+H2O2               4.116E+05   2.500   14860.0                        
 MD+OH=MD3J+H2O                1.046E+10   1.610  -00035.0                          
 MD+O=MD3J+OH                4.162E+06   2.440   02846.0  
 MD+CH3=MD3J+CH4                5.880E+05   2.130   07574.0  
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 MD+CH3O=MD3J+CH3OH              7.700E+11   0.000   05000.0 
 MD+CH3O2=MD3J+CH3O2H              4.116E+05   2.500   14860.0 
 MD+H=MD10J+H2                9.400E+04   2.750   06280.0                                    
 MD+HO2=MD10J+H2O2              4.050E+04   2.500   16690.0                                 
 MD+OH=MD10J+H2O                5.270E+09   0.970   01590.0                                  
 MD+O=MD10J+OH                 1.046E+06   2.420   04766.0                                    
 MD+CH3=MD10J+CH4                4.520E-01   3.650   07154.0                                  
 MD+CH3O2=MD10J+CH3O2H              4.050E+04   2.500   16690.0                             
 MD9D+H=MD10J                2.500E+11   0.510   02620.0                                     
 MS7J+C3H6=MD3J                 2.200E+03   2.480   06130.0 
 MD9D+H=MD3J                 4.240E+11   0.510   01230.0                                      
 MO7D+C2H5=MD3J                8.800E+03   2.480   06130.0                                   
 C3H7+MS6D=MD3J                8.800E+03   2.480   06130.0                                   
 MD2D+H=MD3J                 1.000E+13   0.000   02900.0                                      
 C7H15-1+MP2D=MD2J               1.000E+11   0.000   07600.0                                 
 MS6D+H=MS7J                 2.500E+11   0.510   02620.0                                      
 C2H4+C5H11-1=C7H15-1              8.800E+03   2.480   06130.0                              
 C3H7+C2H4=C5H11-1               8.800E+03   2.480   06130.0                                 
 C5H10-1+H=C5H11-1               2.500E+11   0.510   02620.0                                 
 C3H7+C4H8-1=C7H15-3               8.800E+03   2.480   06130.0                               
 CH3+C6H12=C7H15-3               8.800E+03   2.480   06130.0                                 
 C2H5+C5H10-1=C7H15-4              1.760E+04   2.480   06130.0                              
 CH2CO+C4H9=C5H11CO              1.000E+11   0.000   07600.0                                
 C5H11-1+CO=C5H11CO               1.510E+11   0.000   04810.0                                
 C5H11-1+O2=C5H10-1+HO2              1.600E+12   0.000   05000.0                            
 MD2J+O2=MD2D+HO2               1.600E+12   0.000   05000.0                                  
 MD3J+O2=MD2D+HO2               1.600E+12   0.000   05000.0                                  
 MD3J+O2=MD9D+HO2               1.600E+12   0.000   05000.0                                  
 MD10J+O2=MD9D+HO2              1.600E+12   0.000   05000.0                                 
 MS7J+O2=MS6D+HO2               1.600E+12   0.000   05000.0                                  
 C7H15-1=C7H15-3                3.800E+10   0.670   36600.0                                  
 DUPLICATE                                                                       
 C7H15-1=C7H15-4                7.850E+11  -0.120   20600.0                                  
 C7H15-1=C7H15-3                1.830E+02   2.550   10960.0                                  
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 DUPLICATE                                                                       
 C7H15-3=C7H15-4                3.560E+10   0.880   39100.0                                  
 MD10J=MD3J                 3.560E+10   0.880   37300.0                                       
 DUPLICATE                                                                        
 MD10J=MD3J                 3.800E+10   0.670   36600.0                                       
 DUPLICATE                                                                        
 MD10J=MD3J                 7.850E+11  -0.120   20600.0                                       
 DUPLICATE                                                                        
 MD10J=MD3J                 1.830E+02   2.550   10960.0                                       
 DUPLICATE                                                                        
 C5H10-1+H=C5H9-14+H2              3.376E+05   2.360   00207.0                              
 DUPLICATE                                                                        
 C5H10-1+H=C5H9-14+H2              1.300E+06   2.400   04471.0                              
 DUPLICATE                                                                        
 C5H10-1+HO2=C5H9-14+H2O2             4.820E+03   2.550   10530.0                           
 DUPLICATE                                                                        
 C5H10-1+HO2=C5H9-14+H2O2             5.880E+04   2.500   14860.0                           
 DUPLICATE                                                                        
 C5H10-1+OH=C5H9-14+H2O              2.764E+04   2.640  -01919.0                            
 DUPLICATE                                                                        
 C5H10-1+OH=C5H9-14+H2O              4.670E+07   1.610  -00035.0                            
 DUPLICATE                                                                        
 C5H10-1+O2=C5H9-14+HO2              2.200E+12   0.000   37220.0                            
 DUPLICATE                                                                        
 C5H10-1+O2=C5H9-14+HO2              4.000E+13   0.000   50160.0                            
 DUPLICATE                                                                        
 C5H10-1+O=C5H9-14+OH                 6.600E+05   2.430   01210.0                              
 DUPLICATE                                                                        
 C5H10-1+O=C5H9-14+OH              5.946E+05   2.440   02846.0                              
 DUPLICATE                                                                        
 C5H10-1+CH3=C5H9-14+CH4              3.690E+00   3.310   04002.0                           
 DUPLICATE                                                                        
 C5H10-1+CH3=C5H9-14+CH4              8.400E+04   2.130   07574.0                           
 DUPLICATE                                                                        
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 C5H10-1+CH3O=C5H9-14+CH3OH            4.000E+01   2.900   08609.0                         
 DUPLICATE                                                                        
 C5H10-1+CH3O=C5H9-14+CH3OH            1.100E+11   0.000   05000.0                         
 DUPLICATE                                                                        
 C5H10-1+CH3O2=C5H9-14+CH3O2H            4.820E+03   2.550   10530.0                       
 DUPLICATE                                                                        
 C5H10-1+CH3O2=C5H9-14+CH3O2H            5.880E+04   2.500   14860.0                       
 DUPLICATE                                                                        
 C5H10-1+C2H3=C5H9-14+C2H4             2.211E+00   3.500   04690.0                          
 DUPLICATE                                                                        
 C5H10-1+C2H3=C5H9-14+C2H4             4.000E+11   0.000   16800.0                          
 DUPLICATE                                                                        
 C5H10-1+C2H5=C5H9-14+C2H6             1.000E+11   0.000   09800.0                          
 DUPLICATE                                                                        
 C5H10-1+C2H5=C5H9-14+C2H6             5.000E+10   0.000   10400.0                          
 DUPLICATE                                                                        
 CH3+C4H6=C5H9-14                3.580E+04   2.480   06130.0                                 
 C2H3+C3H6=C5H9-14               2.000E+11   0.000   02007.0                                
 MD9D3J=MD9D8J                3.670E+12  -0.600   07100.0                                    
 C3H5+C3H7=C6H12               2.500E+16   0.000   71000.0                                   
 DUPLICATE                                                                        
 C3H5+C2H5=C5H10-1               2.500E+16   0.000   71000.0                                 
 C5H9-14+H=C5H10-1               1.000E+14   0.000   00000.0                                 
 C6H12=C3H6+C3H6               3.980E+12   0.000   57630.0                                   
 C5H10-1=C3H6+C2H4               3.980E+12   0.000   57630.0                                 
 MD9D=C3H6+MS6D                3.980E+12   0.000   57630.0                                   
 C7H15-2+O2=C7H15O2               7.540E+12   0.000   00000.0                                
 DUPLICATE                                                                        
 C7H15-3+O2=C7H15O2               7.540E+12   0.000   00000.0                                
 C7H15-4+O2=C7H15O2               7.540E+12   0.000   00000.0                                
 C5H11-1+O2=C5H10OOH1-3              4.520E+12   0.000   00000.0                            
 MD10J+O2=MD3O2                4.520E+12   0.000   00000.0                                   
 MD3J+O2=MD3O2                5.278E+13   0.000   00000.0  
 MD2J+O2=MD3O2                7.540E+12   0.000   00000.0                                    
178 
 
 C7H15O2=C7H14OOH2-4              5.000E+10   0.000   20850.0  
 MD3O2=MD3OOH5J                2.084E+10   0.000   20850.0  
 C5H10OOH1-3=C5H10O1-3+OH             7.500E+10   0.000   15250.0                           
 C5H10OOH1-3=C4H8-1+CH2O+OH            8.283E+13  -0.170   30090.0                         
 C7H14OOH2-4=C5H10-1+CH3CHO+OH          5.364E+17  -1.400   26750.0                      
 MD3OOH5J=MO7D+CH3CHO+OH             5.364E+17  -1.400   26750.0                           
 MD3OOH5J+O2=MD3OOH5O2              5.278E+13   0.000   00000.0  
 C7H14OOH2-4+O2=C7H14OOH2-4O2            1.508E+13   0.000   00000.0  
 MD3OOH5O2=MDKET23+OH              8.750E+10   0.000   17850.0  
 MDKET23=MDKET23O+OH               2.100E+16   0.000  41600.0   
 CH3CO+MO8OXO=MDKET23O             3.330E+10   0.000   06397.0                             
 CH2CHO+MO8OXO=MDKET23O             3.330E+10   0.000   06397.0                            
 MD9D=MS7J+C3H5                    1.953E+14 0.000 71000.0    
 MD9D+H=MD9D3J+H2                6.500E+06   2.400   04471.0    
 MD9D+HO2=MD9D3J+H2O2              2.940E+05   2.500   14860.0  
 MD9D+OH=MD9D3J+H2O              2.335E+08   1.610  -00035.0  
 MD9D+O=MD9D3J+OH                2.973E+06   2.440   02846.0   
 MD9D+CH3=MD9D3J+CH4              4.200E+05   2.130   07574.0   
 MD9D+CH3O=MD9D3J+CH3OH             5.500E+11   0.000   05000.0  
 MD9D+CH3O2=MD9D3J+CH3O2H            2.940E+05   2.500   14860.0  
 MD9D+H=MD9D8J+H2                3.376E+05   2.360   00207.0                                 
 MD9D+HO2=MD9D8J+H2O2              4.820E+03   2.550   10530.0                              
 MD9D+OH=MD9D8J+H2O              2.764E+04   2.640  -01919.0                                
 MD9D+O2=MD9D8J+HO2              2.200E+12   0.000   37220.0                                
 MD9D+O=MD9D8J+OH                6.600E+05   2.430   01210.0                                 
 MD9D+CH3=MD9D8J+CH4              3.690E+00   3.310   04002.0                               
 MD9D+CH3O2=MD9D8J+CH3O2H            4.820E+03   2.550   10530.0                           
 MD9D3J=C3H5+MS6D                          3.310E+13   0.000   21460.0                                  
 C2H3+MO7D=MD9D3J                2.000E+11   0.000   02007.0                                 
 H+MD69D=MD9D3J                7.500E+11   0.510   02620.0  
 MD9D3J+O2=MD69D+HO2                  4.800E+12 0.000 05000.0  
 MD69D+H=MD69D2J+H2              3.620E+06   2.540   06756.0                                
 MD69D+HO2=MD69D2J+H2O2              7.220E+03   2.550   10530.0                            
 MD69D+OH=MD69D2J+H2O              1.146E+11   0.510   00063.0                              
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 MD69D+O2=MD69D2J+HO2              4.080E+13   0.000   41350.0                              
 MD69D+O=MD69D2J+OH              3.936E+05   2.400   01150.0                                
 MD69D+CH3=MD69D2J+CH4              2.720E+00   3.650   07154.0                             
 MD69D+CH3O=MD69D2J+CH3OH            3.800E+10   0.000   02800.0                           
 MD69D+CH3O2=MD69D2J+CH3O2H            7.220E+03   2.550   10530.0                         
 MD69D=C2H2+MO7D                2.520E+13   0.000   59020.0                                  
 MD9D3J+O2=MD9D3O2               2.262E+13   0.000   00000.0  
 MD9D8J+O2=MD9D8O2               7.540E+12   0.000   00000.0                                
 MD9D8J+O2=MD8DXO2               4.520E+12   0.000   00000.0                                
 MD9D8O2=MO8OXO+CH2CHO             1.700E+09   1.000   26228.4                             
 MD9D8J+MD9D8O2=MD9D8O+MD9D8O       7.000E+12   0.000  -01000.0                       
 MD9D3O2=MD9D6OOH8J              1.250E+10   0.000   16350.0                                
 DUPLICATE                                                                        
 MD9D3O2=MD9D6OOH8J              1.000E+11   0.000   22350.0                                
 DUPLICATE                                                                        
 MD8DXO2=MD8DXOOH7J              1.563E+09   0.000   13550.0                                
 MD9D8O2+HO2=MD9D8OOH+O2             7.000E+12   0.000   01710.0                           
 MD9D8O2+H2O2=MD9D8OOH+HO2            2.410E+12   0.000   09940.0                          
 MD9D8O2+MD9D8O2=MD9D8O+MD9D8O+O2 1.400E+16 -1.610   
01860.0                    
 MD9D8OOH=MD9D8O+OH              1.050E+16   0.000   41600.0                                
 C2H3+MO8OXO=MD9D8O              3.330E+10   0.000   06397.0                                
 MD69D+HO2=MD9D6OOH8J              1.000E+11   0.000   11750.0                              
 MD9D6OOH8J+O2=MD9D6OOH8O2            7.540E+12   0.000   00000.0                          
 MD8DXOOH7J+O2=MD8DXOOH7O2              7.540E+12   0.000   00000.0                          
 MD9D6OOH8O2=MD9DKET23+OH            1.250E+10   0.000   17850.0                           
 MD8DXOOH7O2=MD9DKET23+OH            1.563E+09   0.000   13550.0                           
 MD9DKET23=OH+MS7OXO+C2H2+HCO       1.050E+16   0.000   41600.0                       
 NC7H16+H=C7H15-3+H2            2.600E+06   2.400   4.471E+03                           
            REV/ 3.928E+03   2.740   1.126E+04 /                                 
 NC7H16+H=C7H15-4+H2            1.300E+06   2.400   4.471E+03                           
            REV/ 3.913E+03   2.740   1.126E+04 /                                 
 NC7H16+O=C7H15-1+OH            1.930E+05   2.680   3.716E+03                           
            REV/ 4.025E+03   2.630   5.893E+03 /                                 
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 NC7H16+O=C7H15-2+OH            9.540E+04   2.710   2.106E+03                           
            REV/ 6.330E+01   3.050   6.798E+03 /                                 
 NC7H16+O=C7H15-3+OH            9.540E+04   2.710   2.106E+03                           
            REV/ 6.330E+01   3.050   6.798E+03 /                                 
 NC7H16+O=C7H15-4+OH            4.770E+04   2.710   2.106E+03                           
            REV/ 6.306E+01   3.050   6.798E+03 /                                 
 NC7H16+OH=C7H15-3+H2O           9.400E+07   1.610  -3.500E+01                         
            REV/ 6.148E+05   1.950   2.191E+04 /                                 
 NC7H16+OH=C7H15-4+H2O           4.700E+07   1.610  -3.500E+01                         
            REV/ 6.125E+05   1.950   2.191E+04 /                                 
 NC7H16+HO2=C7H15-3+H2O2          1.120E+13   0.000   1.769E+04                        
            REV/ 4.348E+11   0.010   8.165E+03 /                                 
 NC7H16+HO2=C7H15-4+H2O2          5.600E+12   0.000   1.769E+04                        
            REV/ 4.332E+11   0.010   8.165E+03 /                                 
 NC7H16+CH3=C7H15-1+CH4           9.040E-01   3.650   7.154E+03                         
            REV/ 1.121E+00   3.600   1.191E+04 /                                 
 NC7H16+CH3=C7H15-2+CH4           5.410E+04   2.260   7.287E+03                         
            REV/ 2.135E+03   2.600   1.455E+04 /                                 
 NC7H16+CH3=C7H15-3+CH4           5.410E+04   2.260   7.287E+03                         
            REV/ 2.135E+03   2.600   1.455E+04 /                                 
 NC7H16+CH3=C7H15-4+CH4           2.705E+04   2.260   7.287E+03                         
            REV/ 2.127E+03   2.600   1.455E+04 /                                 
 NC7H16+O2=C7H15-3+HO2            4.000E+13   0.000   5.015E+04                         
            REV/ 1.098E+09   0.670  -5.410E+02 /                                 
 NC7H16+O2=C7H15-4+HO2           2.000E+13   0.000   5.015E+04                          
            REV/ 1.094E+09   0.670  -5.410E+02 /                                 
 NC7H16+CH3O=C7H15-1+CH3OH          3.160E+11   0.000   7.000E+03                      
            REV/ 1.200E+10   0.000   9.200E+03 /                                 
 NC7H16+CH3O=C7H15-2+CH3OH          2.190E+11   0.000   5.000E+03                      
            REV/ 8.900E+09   0.000   7.200E+03 /                                 
 NC7H16+CH3O=C7H15-3+CH3OH          2.190E+11   0.000   5.000E+03                      
            REV/ 8.900E+09   0.000   7.200E+03 /                                 
 NC7H16+CH3O=C7H15-4+CH3OH          1.095E+11   0.000   5.000E+03                      
            REV/ 8.900E+09   0.000   7.200E+03 /                                 
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 NC7H16+CH3O2=C7H15-1+CH3O2H          1.210E+13   0.000   2.043E+04                    
            REV/ 3.600E+12   0.000   9.800E+03 /                                 
 NC7H16+CH3O2=C7H15-2+CH3O2H          8.064E+12   0.000   1.770E+04                    
            REV/ 2.376E+11   0.000   3.700E+03 /                                 
 NC7H16+CH3O2=C7H15-3+CH3O2H          8.064E+12   0.000   1.770E+04                    
            REV/ 2.376E+11   0.000   3.700E+03 /                                 
 NC7H16+CH3O2=C7H15-4+CH3O2H          4.032E+12   0.000   1.770E+04                    
            REV/ 2.376E+11   0.000   3.700E+03 /                                 
 A2R5                    =>12C(S)  + 4H2                       2.000E+10   0.0    0.0    
 C6H2                    => 6C(S)  + H2                        2.000E+10   0.0    0.0    
 NC7H16 + O2            = C7H15-1 + HO2               2.500E+13   0.00   48810.0 
 NC7H16 + O2            = C7H15-2 + HO2               2.000E+14   0.00   47380.0 
 NC7H16 + H             = C7H15-1 + H2                    5.600E+07   2.00    7667.0 
 NC7H16 + H             = C7H15-2 + H2                    4.380E+07   2.00    4750.0 
 NC7H16 + OH            = C7H15-1 + H2O                8.610E+09   1.10    1815.0 
 NC7H16 + OH            = C7H15-2 + H2O                 6.000E+09   1.30     690.0 
 NC7H16 + HO2           = C7H15-1 + H2O2            1.120E+13   0.00   19300.0 
 NC7H16 + HO2           = C7H15-2 + H2O2            3.300E+13   0.00   16950.0 
 C7H15-2               = CH3 + C6H12                            2.508E+13   0.29   29290. 
 C7H15-1               = C2H4 + C5H11                   2.500E+13   0.00   28810. 
 C7H15-2               = C3H6 + C4H9                     2.200E+13   0.00   28100. 
 NC7H16 + C7H15O2 = C7H15-1 + C7H15O2H   2.420E+14   0.00   20430.0 
 NC7H16 + C7H15O2 = C7H15-2 +C7H15O2H    8.064E+13   0.00   17700.0 
 C7H15O2 + HO2    = C7H15O2H + O2                  1.750E+09   0.00   -3275.0  
 C7H15O2 + H2O2    = C7H15O2H + HO2            2.400E+12   0.00   10000.0  
 C7H15O2H              = C7H15O + OH                    6.000E+18   0.00   42500.0  
 C7H15O                = CH2O + C6H12 + H              4.683E+17  -1.34   20260.0  
 C7H15-1 + O2          = C7H15O2                                2.000E+12   0.00       0.0  
 C7H15-2 + O2          = C7H15O2                                2.000E+12   0.00       0.0  
 DUPLICATE                                                                       
 C7H15O2               = C7H14O2H                           6.000E+11   0.00   20380.0  
 C7H14O2H + O2         = C7H14O2HO2                    4.600E+11   0.00       0.0  
 C7H14O2HO2  = C7KET21 + OH                         1.485E+13   0.00   24900.0  
 C7KET21       = C5H11CO + CH2O + OH             1.500E+16   0.00   43000.0  
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 C5H11CO               = C5H11 + CO                          1.000E+11   0.00    9600.0  
 C5H11                 = C2H4 + C3H7                          5.200E+13   0.00   28300.0  
 C6H12                 = C3H7 + C3H5                          1.200E+16   0.00   68000.0  
 DUPLICATE                                                                       
 C4H9                  = C2H5 + C2H4                           2.500E+13   0.00   28810.0  
 C3H7                  = C2H4 + CH3                             9.600E+13   0.00   30950.0  
 C3H7                  = C3H6 + H                               1.250E+14   0.00   36900.0  
 C3H7 + O2             = C3H6 + HO2                          1.000E+12   0.00    4980.0  
 C3H7 + H              = C2H5 + CH3                   4.060E+06   2.19     890.0  
 C3H7 + HO2            => C2H5 + CH2O + OH            2.410E+13   0.00       0.0  
 C3H7 + CH3            = C2H5 + C2H5                         1.927E+13  -0.32       0.0  
 C3H6                  = C2H3 + CH3                             3.150E+15   0.00   85500.0  
 C3H6 + H              = C3H5 + H2                              5.000E+12   0.00    1500.0  
 DUPLICATE                                                                       
 C3H6 + CH3            = C3H5 + CH4                        9.000E+12   0.00    8480.0  
 DUPLICATE                                                                       
 C3H6 + O2             = C3H5 + HO2                         4.000E+12   0.00   39900.0  
 DUPLICATE                                                                       
 C3H6 + O              = CH2CO + CH3 + H                  2.500E+07   1.76      76.0  
 C3H5                  = C3H4 + H                               4.000E+13   0.00   69760.0  
 DUPLICATE                                                                       
 C3H5 + H              = C3H4 + H2                      1.000E+13   0.00       0.0  
 DUPLICATE                                                                       
 C3H5 + O2             = C3H4 + HO2                         6.000E+11   0.00   10000.0  
 DUPLICATE                                                                       
 C3H4 + OH             = C2H3 + CH2O                         1.000E+12   0.00       0.0  
 C3H4 + OH             = C2H4 + HCO                           1.000E+12   0.00       0.0  
 C3H4 + O2             = C3H3 + HO2                         4.000E+13   0.00   39160.0  
 H + O2                = O + OH                                 1.920E+14   0.00   16439.0  
 O + H2                = OH + H                                  5.080E+04   2.67    6290.0  
 OH + H2               = H2O + H                                 2.160E+08   1.51    3430.0  
 O + H2O               = OH + OH                                2.970E+06   2.02   13400.0  
 O + OH + M            = HO2 + M                        1.000E+16   0.00       0.0  
 H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/    C2H6/3.00/                                                                      
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 H + O2 + M      = HO2 + M                  3.600E+17  -0.72       0.0  
    H2/2.00/  O2/6.0/ H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/   
 OH + HO2              = H2O + O2                                 7.500E+12   0.00       0.0  
 H + H + M             = H2 + M                          1.000E+18  -1.00       0.0  
    H2/0/  H2O/0./     CO2/0./                                                                         
 H + H + H2O           = H2 + H2O                       6.000E+19  -1.25       0.0  
 H + OH + M            = H2O + M                        1.600E+22  -2.00       0.0  
 H + O + M             = OH + M                          6.200E+16  -0.60       0.0  
 HO2 + H               = H2 + O2                         1.250E+13   0.00       0.0  
 HO2 + H               = OH + OH                       1.700E+14   0.00     875.0  
 HO2 + O               = O2 + OH                                 1.400E+13   0.00    1073.0  
 HO2 + HO2             = H2O2 + O2                              1.000E+12   0.00       0.0  
 H2O2 + H              = HO2 + H2                               1.600E+12   0.00    3800.0  
 H2O2 + H              = H2O + OH                              1.000E+13   0.00    3590.0  
 H2O2 + OH             = H2O + HO2                          1.000E+13   0.00    1800.0  
 H2O2 + O              = OH + HO2                              4.000E+13   0.00    5900.0  
 H2O2 + M              = OH + OH + M                       4.300E+16   0.00   45500.0  
    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
 CO + O + M            = CO2 + M                               6.170E+14   0.00    3000.0  
    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
 CO + OH               = CO2 + H                                 3.510E+07   1.30    -758.0  
 CO + O2               = CO2 + O                                  1.600E+13   0.00   41000.0  
 CO + HO2              = CO2 + OH                             5.800E+13   0.00   22930.0  
 CH2 + O               = HCO + H                                   8.000E+13   0.00       0.0  
 CH2 + OH              = CH2O + H                       2.500E+13   0.00       0.0  
 CH2 + O2              = CO2 + H2                     6.900E+11   0.00     500.0  
 CH2 + O2              = CH2O + O                               5.000E+13   0.00    9000.0  
 CH2 + O2              = CO2 + H + H                          1.600E+12   0.00    1000.0  
 CH2 + CH2             = C2H2 + H + H                        1.200E+14   0.00     800.0  
 CH3 + HO2             = CH3O + OH                             2.500E+13   0.00       0.0  
 CH3 + O2              = CH3O + O                              4.670E+13   0.00   30000.0  
 CH3 + O2              = CH2O + OH                            3.800E+11   0.00    9000.0  
 CH3 + O2              = CH3O2                                  3.020E+59 -15.00   17204.0  
 CH3 + O               = CH2O + H                                   8.000E+13   0.00       0.0  
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 CH3 + OH              = CH2 + H2O                            7.500E+06   2.00    5000.0  
 CH3 + OH              = CH2O + H2                               4.000E+12   0.00       0.0  
 CH3 + HCO             = CH4 + CO                               1.200E+14   0.00       0.0  
 CH3 + H               = CH4                                     1.900E+36  -7.00    9050.0  
 CH3 + H               = CH2 + H2                               9.000E+13   0.00   15100.0  
 CH3 + CH3O            = CH4 + CH2O                         4.300E+14   0.00       0.0  
 CH3 + CH3 (+M)        = C2H6 (+M)                        2.120E+16  -0.97     620.0  
      LOW  /  1.770E+50   -9.670   6220.00/                                      
      TROE/  0.5325  151.00  1038.00  4970.00 /                                  
    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
CH3 + CH3             = C2H5 + H                              4.990E+12   0.10   10600.0  
 CH3 + HCO             = CH2O + CH2                          3.000E+13   0.00       0.0  
 CH3 + CH3             = C2H4 + H2                           1.000E+15   0.00   31000.0  
 CH3 + CH2             = C2H4 + H                               3.000E+13   0.00    -570.0  
 CH3 + M               = CH2 + H + M                         1.000E+16   0.00   90600.0  
 CH4 + O2              = CH3 + HO2                            7.900E+13   0.00   56000.0  
 CH4 + H               = CH3 + H2                               6.600E+08   1.60   10840.0  
 CH4 + OH              = CH3 + H2O                            1.600E+06   2.10    2460.0  
 CH4 + O               = CH3 + OH                                1.020E+09   1.50    8604.0  
 CH4 + HO2             = CH3 + H2O2                        1.000E+13   0.00   18700.0  
 CH4 + CH2             = CH3 + CH3                            4.000E+12   0.00    -570.0  
 HCO + OH              = H2O + CO                                1.000E+14   0.00       0.0  
 HCO + H               = H2 + CO                                    1.190E+13   0.30       0.0  
 HCO + O               = OH + CO                                    3.000E+13   0.00       0.0  
 HCO + O               = H + CO2                                     3.000E+13   0.00       0.0  
 HCO + O2              = HO2 + CO                                6.600E+13  -0.30       0.0  
 HCO + M               = H + CO + M                          9.350E+16  -1.00   17000.0  
 HCO + HO2             = CO2 + OH + H                        3.000E+13   0.00       0.0  
 CH2O + O2             = HCO + HO2                         6.200E+13   0.00   39000.0  
 CH2O + O              = HCO + OH                             1.800E+13   0.00    3080.0  
 CH2O + H              = HCO + H2                              2.190E+08   1.80    3000.0  
 CH2O + OH             = HCO + H2O                          2.430E+10   1.20    -447.0  
 CH2O + HO2            = HCO + H2O2                      3.000E+12   0.00    8000.0  
 CH2O + M              = CO + H2 + M                       6.250E+15   0.00   69540.0  
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 CH2O + M              = HCO + H + M                      4.000E+23  -1.66   91120.0  
 CH2O + CH3            = CH4 + HCO                        5.500E+03   2.80    6000.0  
 CH2CO + H             = CH3 + CO                            1.100E+13   0.00    3400.0  
 CH2CO + O             = HCO + HCO                         1.000E+13   0.00    2400.0  
 CH2CO + M             = CH2 + CO + M                   2.000E+16   0.00   60000.0  
 CH2CO + O             = HCCO + OH                         5.000E+13   0.00    8000.0  
 CH2CO + OH            = HCCO + H2O                     1.000E+13   0.00    2000.0  
 CH2CO + H             = HCCO + H2                         7.500E+13   0.00    8000.0  
 CH2CHO                = CH2CO + H                         3.094E+15  -0.26   50820.0  
 CH2CHO + O2  = CH2O + CO + OH                      2.000E+13   0.00    4200.0  
 CH2CHO + O            = CH2CO + OH                        1.000E+13   0.00       0.0  
 CH2CHO + OH           = CH2CO + H2O                    5.000E+12   0.00       0.0  
 CH3O + CO             = CH3 + CO2                         1.570E+14   0.00   11800.0  
 CH3O + M              = CH2O + H + M                    1.000E+14   0.00   25000.0  
 CH3O + H              = CH2O + H2                               2.000E+13   0.00       0.0  
 CH3O + OH             = CH2O + H2O                          1.000E+13   0.00       0.0  
 CH3O + O              = CH2O + OH                              1.000E+13   0.00       0.0  
 CH3O + O2             = CH2O + HO2                        1.200E+11   0.00    2600.0  
 CH3O + H              = CH3 + OH                       1.000E+14   0.00       0.0  
 CH3O2 + HO2           = CH3O2H + O2                   4.630E+11   0.00   -2583.0  
 CH3O2 + CH4           = CH3O2H + CH3                1.810E+11   0.00   18480.0  
 CH3O2 + CH3           = CH3O + CH3O                      2.410E+13   0.00       0.0  
 CH3O2 + O             = CH3O + O2                      3.610E+13   0.00       0.0  
 CH3O2 + CH2O          = CH3O2H + HCO             1.000E+12   0.00   11665.0  
 CH3O2 + CH3O2    = CH3O + CH3O + O2            2.800E+11   0.00    -780.0  
 CH3O2 + H2O2     = CH3O2H + HO2                   2.400E+12   0.00   10000.0  
 CH3O2 + C2H4   = C2H3 + CH3O2H                    7.100E+11   0.00   17110.0  
 CH3O2H      = CH3O + OH                                    3.000E+16   0.00   42920.0  
 CH3O2H + OH      = CH3O2 + H2O                        1.000E+13   0.00    -258.0  
 CH3O2H + O    = CH3O2 + OH                            2.000E+13   0.00    4750.0  
 C2H + O2     = HCCO + O                                   3.000E+13   0.00       0.0  
 C2H + O2      = HCO + CO                                5.000E+13   0.00    1500.0  
 C2H + H2     = C2H2 + H                      4.900E+05   2.50     560.0  
 C2H + OH    = HCCO + H                       2.000E+13   0.00       0.0  
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 C2H2 + O2             = HCO + HCO                         4.000E+12   0.00   28000.0  
 C2H2 + O              = CH2 + CO                               1.020E+07   2.00    1900.0  
 C2H2 + O              = HCCO + H                              1.350E+07   2.00    1900.0  
 C2H2 + O              = C2H + OH                             4.600E+19  -1.41   28950.0  
 C2H2 + OH             = C2H + H2O                          3.370E+07   2.00   14000.0  
 C2H2 + C2H            = C4H2 + H                                9.600E+13   0.00       0.0  
 C2H2 + HCCO           = C3H3 + CO                        1.000E+11   0.00    3000.0  
 C2H2 + C2H            = C4H3                                    4.500E+37  -7.68    7100.0    
 C2H2 + OH             = CH2CO + H                           3.200E+11   0.00     200.0  
 C2H2 + M              = C2H + H + M                       4.300E+16   0.00  108000.0  
 C2H2 + O2             = HCCO + OH                         1.300E+09   1.60   30100.0  
 C2H2 + O2             = C2H + HO2                           1.200E+13   0.00   34520.0  
 C2H2 + CH3            = CH4 + C2H                         1.800E+11   0.00   17270.0  
 C2H2 + C2H2           = C4H2 + H2                         1.000E+14   0.00   52200.0  
 C2H2 + CH2            = H + C3H3                             1.200E+13   0.00    6620.0  
 C2H3 + H              = C2H2 + H2                                 4.000E+13   0.00       0.0  
 C2H3 + O2             = CH2O + HCO                         4.000E+12   0.00    -250.0  
 C2H3 + OH             = C2H2 + H2O                            3.000E+13   0.00       0.0  
 C2H3 + O              = C2H2 + OH                                1.000E+13   0.00       0.0  
 C2H3                  = C2H2 + H                                 4.600E+40  -8.80   46200.0  
 C2H3 + O2             = CH2CHO + O                        1.240E+14  -0.12    1696.0  
 C2H3 + O2             = C2H2 + HO2                             1.000E+12   0.00       0.0  
 C2H3 + CH3            = CH4 + C2H2                           1.000E+13   0.00       0.0  
 C2H4 + H              = C2H3 + H2                              1.100E+14   0.00    8500.0  
 C2H4 + O              = CH3 + HCO                             1.600E+09   1.20     746.0  
 C2H4 + O              = CH2O + CH2                   3.000E+04   1.88     180.0  
 C2H4 + O              = CH2CHO + H                         3.200E+10   0.63    1370.0  
 C2H4 + O              = C2H3 + OH                             1.510E+07   1.91    3790.0  
 C2H4 + OH             = CH2O + CH3                   6.000E+13   0.00     960.0  
 C2H4 + HO2            = C2H3 + H2O2                     7.100E+11   0.00   17110.0  
 C2H4 + OH             = C2H3 + H2O                         9.020E+13   0.00    5955.0  
 C2H4 + M              = C2H2 + H2 + M                    1.500E+15   0.00   55800.0  
 C2H4 + M              = C2H3 + H + M                      2.600E+17   0.00   96570.0  
 C2H4 + CH3            = C2H3 + CH4                        6.620E+00   3.70    9482.0  
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 C2H4 + CH3 (+ M)      = C3H7 (+ M)                     2.550E+06   1.60    5700.0  
       LOW/ 3.00E+63  -14.6  18170./                                             
       TROE/ .1894  277.0  8748.0  7891.0 /                                      
    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
 C2H5 + O2             = C2H4 + HO2                         4.000E+10   0.00   -2200.0  
 C2H5 + HO2            = C2H4 + H2O2                         3.000E+11   0.00       0.0  
 C2H5 + CH3            = CH4 + C2H4                           2.000E+13  -0.50       0.0  
 C2H6 + O2             = C2H5 + HO2                         1.000E+13   0.00   48960.0  
 C2H6 + CH3            = C2H5 + CH4                         5.500E-07   6.00    6300.0  
 C2H6 + H              = C2H5 + H2                              5.400E+02   3.50    5210.0  
 C2H6 + O              = C2H5 + OH                             3.000E+07   2.00    5115.0  
 C2H6 + OH             = C2H5 + H2O                         8.700E+09   1.05    1810.0  
 HCCO + H              = CH2 + CO                                1.500E+14   0.00       0.0  
 HCCO + OH             = CO + CO + H2                       1.000E+14   0.00       0.0  
 HCCO + O              = H + CO + CO                           1.000E+14   0.00       0.0  
 HCCO + O2             = OH + CO + CO                     3.200E+12   0.00     854.0  
 HCCO + CH2            = C2H3 + CO                            3.000E+13   0.00       0.0  
 HCCO + CH3            = C2H4 + CO                            5.000E+13   0.00       0.0  
 C3H3 + O              = CH2O + C2H                             2.000E+13   0.00       0.0  
 C3H3 + C3H3           = C6H5 + H                               2.000E+12   0.00       0.0    
 C3H3 + C3H3           = A1                                           2.000E+10   0.00       0.0  
 C4H2 + H              = C4H3                                     1.100E+42  -8.72   15300.0    
 C4H2 + C2H            = C6H2 + H                                 1.00E+14    0.00       0.0  
 C4H3 + H            = C2H2 + C2H2                          6.300E+25  -3.34   10014.0    
 C4H3 + H            = C4H2 + H2                                   1.500E+13   0.00       0.0    
 C4H3 + OH           = C4H2 + H2O                              5.000E+12   0.00       0.0    
 C4H3 + M            = C4H2 + H + M                        3.160E+15   0.00   45000.0    
 C4H3 + C2H2         = A1-                                      1.900E+63 -15.25   30600.0    
 C4H3 + C2H2         = C6H5                                     3.800E+21  -3.17    6400.0      
 C4H3 + C4H2         = A1C2H-                               1.900E+63 -15.25   30600.0    
 C6H5                  = A1-                                           3.500E+46 -10.44   33600.0    
 A1 + H                = A1- + H2                               2.590E+14   0.00   16000.0  
 A1 + OH               = A1- + H2O                               1.060E+08   1.42    1450.0  
 A1 + C2H              = A1C2H + H                                5.000E+13   0.00       0.0  
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 A1- + H               = A1                                                 1.000E+14   0.00       0.0  
 A1- + C2H2            = A1C2H2                               7.900E+29  -5.15   13700.0    
 A1- + C2H2            = A1C2H + H                          2.500E+29  -4.43   26400.0  
 A1- + C2H3            = A1C2H2 + H                        9.400E+00   4.14   23234.0    
 A1C2H + H             = A1C2H2                               1.600E+32  -5.72   11090.0    
 A1C2H + H             = A1C2H- + H2                      2.500E+14   0.00   16000.0  
 A1C2H + OH            = A1C2H- + H2O                   1.600E+08   1.42    1450.0  
 A1C2H2 + H            = A1C2H + H2                           1.500E+13   0.00       0.0    
 A1C2H2 + OH           = A1C2H + H2O                      2.500E+12   0.00       0.0    
 A1C2H- + C2H2         = A2-1                                5.100E+48 -10.53   28000.0  
 A1C2H- + C2H2         = A1C2H)2 + H                  2.100E+10   0.85   13700.0  
 A1C2H)2 + H           = A2-1                                   1.500E+51 -10.77   25500.0  
 A1C2H + C2H           = A1C2H)2 + H                        5.000E+13   0.00       0.0  
 A1C2H2 + C2H2         = A2 + H                             1.600E+18  -1.88    7400.0    
 A2 + H                = A2-1 + H2                                 2.500E+14   0.00   16000.0  
 A2 + OH               = A2-1 + H2O                             1.600E+08   1.42    1450.0  
 A2-1 + O2             = A1C2H + HCO + CO              2.100E+12   0.00    7470.0  
 A2-1 + C2H2           = A2R5 + H                             1.100E+07   1.71    3900.0  
 A2R5 + OH             = A2R5- + H2O                       1.600E+08   1.42    1450.0  
 A2R5 + H              = A2R5- + H2                           2.500E+14   0.00   16000.0  
 A2R5- + O2            => A2-1 + CO + CO                 2.100E+12   0.00    7470.0  
 A2R5- + H (+ M)       = A2R5 (+ M)                          1.000E+14   0.00       0.0  
       LOW/ 6.6E+75  -16.30  7000.  /                                            
       TROE / 1.0 0.1 584.9  6113.  /                                            
    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
 N + NO                = N2 + O                                   2.700E+13   0.00     355.0  
 N + O2                = NO + O                                  9.000E+09   1.00    6500.0  
 N + OH                = NO + H                        3.360E+13   0.00     385.0  
 N2O + O               = N2 + O2                                1.400E+12   0.00   10810.0  
 N2O + O               = NO + NO                                2.900E+13   0.00   23150.0  
 N2O + H               = N2 + OH                                3.870E+14   0.00   18880.0  
 N2O + OH              = N2 + HO2                             2.000E+12   0.00   21060.0  
 N2O (+M)              = N2 + O (+M)                         7.910E+10   0.00   56020.0  
     LOW  /  6.370E+14   0.00  56640.0 /                                         
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    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
 HO2 + NO              = NO2 + OH                     2.110E+12   0.00    -480.0  
 NO + O + M            = NO2 + M                        1.060E+20  -1.41       0.0  
    H2/2.00/  O2/6.0/  H2O/6.00/  CH4/2.00/  CO/1.50/  CO2/3.50/  C2H6/3.00/  
 NO2 + O               = NO + O2                       3.900E+12   0.00    -240.0  
 NO2 + H               = NO + OH                       1.320E+14   0.00     360.0  
 CO + N2O              = CO2 + N2                              5.010E+13   0.00   44000.0  
 CO + NO2              = CO2 + NO                             9.030E+13   0.00   33800.0  
 C2H5+O=CH3CHO+H                                     1.09E+14    0.0        0.0         
   DUPLICATE                                                                     
 C3H7+HO2=CH3CHO+CH3+OH                             2.41E+13    0.0        0.0         
 C2H4+HO2=CH3CHO+OH                              6.03E+09    0.0     7949.0         
 C2H5+O=CH3CHO+H                                     6.62E+13    0.0        0.0         
  DUPLICATE                                                                      
 C2H3+OH=CH3CHO                                      3.01E+13    0.0        0.0         
 CH3CHO=CH3+HCO                                  7.00E+15    0.0    81674.0         
 C2H4+CH3O2=CH3CHO+CH3O                         7.00E+13    0.0    14500.0         
 C(S) + O2 = O + CO                                    3.000E+11   0.00  26800.0               
 C(S) + H2O = CO + H2                                 3.000E+11   0.00  42800.0              
 C(S) + OH = CO + H                                    3.000E+12   0.00  32600.0              

















Developed reaction mechanism for hydrogen assisted biodiesel 
combustion simulation (CHEMKIN input format) 
 
ELEMENTS 




MD  MD9D C7H16 O2  N2 CO2 H2O  H H2 O N OH CO  NO HO2 H2O2 
CH3O  CH2O HCO  CH3 CH4 C2H2 C2H3 C2H4 C2H5 C3H4  C3H5 C3H6 
C3H7 C7H15-2 C7H15O2 C7KET12  C5H11CO C4H9 CH2CHO  CH2CO 
MD6J MD6O2    MD6OOH8J  MDKET68 C2H5CHO  C6H12-1 C8H17-1 
MD9D6J MD9D6O2   MD9D6OOH8J MD9DKET68 C2H3CHO C6H10-15  
MS6D MF5J MF5O2  MF5OOH3J  MFKET53 MP3OXO  MS6OXO7J 
MB4J  ME2J N2O   NO2 A2R5 C(S) C4H2 C7H14O2H C5H11CHO C7H15-
1 C6H5 A1 C5H11 C3H3 C3H2 C2H C4H3 HCCO A1- A1C2H  A1C2H-  
A2-1 A1C2H)2 A2 A2R5- CH3O2 CH3O2H C6H C6H2 C4H   C4H4 
C7H14O2HO2 C2O CH3CHO C4H5 CH HCCOH C6H12 C7H15O 
C7H15O2H C7KET21 A1C2H2 CH2  IC8H18 C8H17 C8H17OO IC8KET21 




 IC8H18+H=C8H17+H2                                              4.380E+07  2.0    7760.0 
 IC8H18+OH=C8H17+H2O                                         3.471E+07  1.8     278.2 
 IC8H18+HO2=C8H17+H2O2                                   2.228E+14  0.0   18950.0 
 IC8H18+O2=C8H17+HO2                                        2.219E+15  0.0   42904.0 
 C8H17+O2=C8H17OO                                               1.053E+11  0.0       0.0 
 C8H17OO+O2=IC8KET21+OH                                1.740E+16  0.0   21233.0 
 IC8KET21=CH2O+C6H13CO+OH                          1.784E+14  0.0   39100.0 
 C6H13CO=C4H9+C2H4+CO                                    4.920E+16  0.0   40200.0 
 C4H9=C3H6+CH3                                                     7.360E+17 -1.4   30230.0 
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 C8H17=C3H7+C2H4+C3H6                                     2.161E+16  0.0   36600.0 
 C8H17=C2H5+C3H5+C3H7                                     1.409E+16  0.0   36600.0 
 IC8H18+C7H15-2=C7H16+C8H17                               5.012E+10  0.0       0.0 
 C7H15O2+O2=C7KET12+OH                              3.290E+14  0.0   18232.712 
 C7KET12=C5H11CO+CH2O+OH                            1.050E+16  0.0   41600.0 
 C5H11CO=C2H4+C3H7+CO                                 9.840E+15  0.0   4.02E+04 
 C7H15-2=C2H5+C2H4+C3H6                               4.038E+15  0.0   3.46E+04 
 C3H5+O2=C2H2+CH2O+OH                              9.720E+29  -5.71  2.10E+04 
   REV /  0.000E+00  0.00  0.000E+00 / 
 C3H5+O2=CH3+HCO+HCO                                   1.00E+12    0.0    22150.0 
 C3H5+HO2=C2H3+CH2O+OH                                   1.00E+12    0.0        0.0 
 C3H4+O=C2H2+CH2O                                           3.00E-03    4.6    -4243.0 
   REV /2.32E+02    3.2    81190.0/ 
 C3H4+O=C2H3+HCO                                            3.20E+12    0.0     2010.0 
   REV /2.55E+12   -0.4    32350.0/ 
 C3H4+HO2=C2H4+CO+OH                         3.00E+12    0.0    19000.0 
 C3H4+OH=C2H2+HCO+H2                         7.07E+06    1.75    1000.0 
 C3H4+O2=CH2CO+HCO+H                         1.50E+09    0.0     2870.0 
 C2H5+O2=CH3+CO+H2O                                   3.000E+12 0.00 2.066E+04 
 C2H5+O2=CH3+HCO+OH                          3.63E+13    0.0    37200.0 
 C2H5+H=C2H4+H2                                     2.000E+12 0.000 0.000E+00 
   REV/ 4.440E+11 0.396 6.807E+04 / 
 C2H5+O=CH3+HCO+H                                   1.100E+14 0.000 0.000E+00 
 C3H6+OH=C3H5+H2O                                  3.120E+06  2.00 -2.980E+02 
   REV /  6.194E+06  2.01  3.188E+04 / 
 C3H6+O=C2H5+HCO                                   1.580E+07  1.76 -1.216E+03 
   REV /  1.402E+05  1.88  2.651E+04 / 
 C3H6+HO2=C3H5+H2O2                                 1.500E+11  0.00  1.419E+04 
   REV /  5.867E+05  1.33  9.759E+03 / 
 C3H6+O=C3H5+OH                                     5.240E+11 0.700 5.884E+03 
   REV/ 1.104E+11 0.697 2.015E+04 / 
 CH2CHO+H=CH3+HCO                                 2.200E+13  0.0       0.0 
 C2H6+HO2=C2H5+H2O2                                 1.700E+13  0.00  2.046E+04 
   REV /  1.069E+11  0.24  7.842E+03 / 
192 
 
 C2H6+C2H4=C2H5+C2H5                                5.000E+11  0.00  6.000E+04 
   REV /  5.000E+11  0.00  0.000E+00 / 
 C2H6+M=C2H5+H+M                                   8.851E+20 -1.22  1.022E+05 
   REV /  1.148E+13  0.34 -1.550E+03 / 
 C2H6+CH2=C2H5+CH3                                  2.200E+13  0.00  8.670E+03 
   REV /  2.665E+10  0.56  1.706E+04 / 
 C3H6+C2H5=C3H5+C2H6                                1.000E+11  0.00  9.800E+03 
   REV /  5.369E+05  1.33  1.644E+04 / 
 C3H5+C2H5=C2H6+C3H4                                4.000E+11  0.00  0.000E+00 
   REV /  1.802E+12  0.05  4.033E+04 / 
 CH2CO+O=CH2+CO2                                      1.750E+12 0.00 1.350E+03 
 CH2CO+OH=CH3O+CO                             6.00E+12    0.0    -1010.0 
 C2H3CO=C2H3+CO                                     2.040E+14 -0.40 3.145E+04 
 CH3OCO=CH3O+CO                                   7.451E+12  -1.76  1.715E+04 
   REV /  1.500E+11   0.00  3.000E+03 / 
 CH3OCO=CH3+CO2                                   1.514E+12  -1.78  1.382E+04 
   REV /  1.500E+11   0.00  3.673E+04 / 
 C2H5CHO=C2H5+HCO                                   9.850E+18 -0.73 8.171E+04 
  C2H3CHO+OH=C2H3+CO+H2O                      9.240E+05  1.50 -9.620E+02 
  C2H3CHO+H=C2H3+CO+H2                            1.340E+12  0.00  3.300E+03 
  C2H3CHO+O=C2H3+CO+OH                           5.940E+11  0.00  1.868E+03 
  C2H3CHO+HO2=C2H3+CO+H2O2                  3.010E+11  0.00  1.193E+04 
  C2H3CHO+CH3=C2H3+CO+CH4                    2.608E+05  1.78  5.911E+03 
 MD+H=MD6J+H2                             0.1300E+07      2.4000  0.4471E+04 
 MD+OH=MD6J+H2O                           0.1401E+07      1.6100  -.3500E+02 
 MD+HO2=MD6J+H2O2                         0.1764E+04      2.5000  0.8916E+03 
 MD+O2=MD6J+HO2                           0.4000E+14      0.0000  0.5016E+05 
 DUPLICATE 
 MD+O2=MD6J+HO2                           0.4000E+13      0.0000  0.4013E+05 
 DUPLICATE 
 MD6J+O2=MD6O2                            0.7540E+13      0.0000  0.0000E+00 
 MD6O2=MD6OOH8J                           0.2500E+11      0.0000  0.2085E+05 
 MD6OOH8J+O2=MDKET68+OH          0.7540E+13      0.0000  0.0000E+00 
 MDKET68=OH+C2H5CHO+MS6OXO7J 0.1050E+17  0.0000  0.4160E+05 
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 C6H12-1+MB4J=MD6J                        0.8800E+04      2.4800  0.6130E+04 
 C6H12-1=2C3H6                             0.3980E+13      0.0000  0.5763E+05 
 C6H12-1=C3H5+C3H7                        0.2500E+17      0.0000  0.7100E+05 
 MD6J+H=MD                                0.1000E+15      0.0000  0.0000E+00 
 MD+O=MD6J+OH                             0.5946E+06      2.4400  0.2846E+04 
 MD+C2H3=MD6J+C2H4                        0.4000E+12      0.0000  0.1680E+05 
 ME2J+C8H17-1=MD                               0.8000E+13      0.0000  0.0000E+00 
 C2H4+C6H12-1+H=C8H17-1                  0.8800E+04      2.4800  0.6130E+04 
 MB4J+C6H12-1+H=MD                          0.8000E+13      0.0000  0.0000E+00 
 MD9D6J+H=MD9D                                 0.1000E+15      0.0000  0.0000E+00 
 MD9D+OH=MD9D6J+H2O                     0.2335E+08      1.6100  -.3500E+02 
 MD9D+HO2=MD9D6J+H2O2                0.2954E+04      2.5000  0.2972E+04 
 MD9D+O2=MD9D6J+HO2                     0.4000E+14      0.0000  0.5016E+05 
 MD9D6J+O2=MD9D6O2                        0.7540E+13      0.0000  0.0000E+00 
 MD9D6O2=MD9D6OOH8J                     0.1250E+11      0.0000  0.1635E+05 
 MD9D6OOH8J+O2=MD9DKET68+OH 0.7540E+13     0.0000  0.0000E+00  
 MD9DKET68=OH+C2H3CHO+MS6OXO7J    0.2100E+13 0.0  0.3328E+05 
 C2H3CHO=C2H3+HCO                        0.2003E+25     -2.1400  0.1034E+06 
 C6H10-15+MB4J=MD9D6J                     0.8800E+04      2.4800  0.6130E+04 
 C6H10-15=2C3H5                                    0.2500E+17      0.0000  0.7100E+05 
 MD9D+O=MD9D6J+OH                         0.5946E+06      2.4400  0.2846E+04 
 MD9D+C2H3=MD9D6J+C2H4              0.4000E+12      0.0000  0.1680E+05 
 MD9D=C2H4+MF5J+C3H5                    0.6250E+16      0.0000  0.7100E+05 
 MD9D6J=C3H5+MS6D                           0.3310E+14      0.0000  0.2146E+05 
 MD9D=C3H6+MS6D                              0.3980E+13      0.0000  0.5763E+05 
 MS6D=C3H5+MB4J                                0.2500E+17      0.0000  0.7100E+05 
 CH2CO+MF5J=MS6OXO7J                    0.1510E+12      0.0000  0.4810E+04 
 MF5J+O2=MF5O2                                   0.4520E+13      0.0000  0.0000E+00 
 MF5O2=MF5OOH3J                                0.2500E+11      0.0000  0.2085E+05 
 MF5OOH3J+O2=MFKET53+OH            0.7540E+13      0.0000  0.0000E+00 
 MFKET53=OH+CH2CHO+MP3OXO    0.1050E+17      0.0000  0.4160E+05 
 MP3OXO+OH=CO+ME2J+H2O             0.2690E+11      0.7600  -.3400E+03 
 C2H4+ME2J=MB4J                           0.2000E+12      0.0000  0.7600E+04 
 CH2CO+CH3O=ME2J                          0.5000E+12      0.0000  -.1000E+04 
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 A2R5                    =>12C(S)  + 4H2                    5.000E+06   0.0      0.0 
 C6H2                    => 6C(S)  + H2                      2.000E+07  0.0       0.0 
 C7H16 + O2            = C7H15-1 + HO2                  2.500E+13   0.00   48810.0 
 C7H16 + O2            = C7H15-2 + HO2                  2.000E+14   0.00   47380.0 
 C7H16 + H             = C7H15-1 + H2                       5.600E+07   2.00    7667.0 
 C7H16 + H             = C7H15-2 + H2                       4.380E+07   2.00    4750.0 
 C7H16 + OH            = C7H15-1 + H2O                  8.610E+09   1.10    1815.0 
 C7H16 + OH            = C7H15-2 + H2O                   6.000E+09   1.30     690.5 
 C7H16 + HO2           = C7H15-1 + H2O2              1.120E+13   0.00   19300.0 
 C7H16 + HO2           = C7H15-2 + H2O2              3.300E+13   0.00   16950.0 
 C7H16                 = C4H9 + C3H7                          3.200E+16   0.00   80710.0 
 C7H15-2               = CH3 + C6H12                         2.508E+13   0.29   29290.0 
 C7H15-1               = C2H4 + C5H11                       2.500E+13   0.00   28810.0 
 C7H15-2               = C3H6 + C4H9                         2.200E+13   0.00   28100.0 
 C7H15-1               = C7H15-2                                 3.600E+16   0.00   80700.0 
 C7H16+C7H15O2=C7H15-1 + C7H15O2H          2.420E+14   0.00   20430.0 
 C7H16 + C7H15O2= C7H15-2+ C7H15O2H        8.064E+13   0.00   17700.0 
 C7H15O2 + HO2         = C7H15O2H + O2             1.750E+09   0.00   -3275.0 
 C7H15O2 + H2O2 = C7H15O2H + HO2               2.400E+12   0.00   10000.0 
 C7H15O2H              = C7H15O + OH                    6.000E+18   0.00   42500.0 
 C7H15O                = CH2O + C6H12 + H              4.683E+17  -1.34   20260.0 
 C7H15-1 + O2          = C7H15O2                                2.000E+12   0.00       0.0 
 C7H15-2 + O2          = C7H15O2                        2.000E+12   0.00       0.0 
 C7H15O2               = C7H14O2H                           6.000E+11   0.00   20380.0 
 C7H14O2H + O2         = C7H14O2HO2                    4.600E+11   0.00       0.0 
 C7H14O2HO2            = C7KET12 + OH                1.000E+09   0.00    7480.0 
 C7H14O2HO2    = C7KET21 + OH                       1.485E+13   0.00   24900.0 
 C7KET12    = C5H11CHO +CH2O + O                 1.050E+16   0.00   41100.0 
 C7KET21    = C5H11CO + CH2O + OH                1.500E+16   0.00   43000.0  
 C5H11CHO + O2   = C5H11CO + HO2                 2.000E+13   0.50   42200.0 
 C5H11CHO + OH  = C5H11CO + H2O                     1.000E+13   0.00       0.0 
 C5H11CHO + H          = C5H11CO + H2                4.000E+13   0.00    4200.0 
 C5H11CHO + O   = C5H11CO + OH                      5.000E+12   0.00    1790.0 
 C5H11CHO + HO2  = C5H11CO + H2O2             2.800E+12   0.00   13600.0 
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 C5H11CHO + CH3        = C5H11CO + CH4          1.700E+12   0.00    8440.0 
 C5H11CHO + CH3O2=C5H11CO+ CH3O2H        1.000E+12   0.00    9500.0 
 C5H11CO               = C5H11 + CO                          1.000E+11   0.00    9600.0 
 C5H11                 = C2H4 + C3H7                          5.200E+13   0.00   28300.0 
 C6H12                 = C3H7 + C3H5                          1.200E+16   0.00   68000.0 
 C6H12                 = C3H6 + C3H6                          0.800E+16   0.00   68000.0 
 C4H9                  = C2H5 + C2H4                           2.500E+13   0.00   28810.0 
 C3H7                  = C2H4 + CH3                             9.600E+13   0.00   30950.0 
 C3H7                  = C3H6 + H                                  1.250E+14   0.00   36900.0 
 C3H7 + O2             = C3H6 + HO2                          1.000E+12   0.00    4980.0 
 C3H7 + H              = C2H5 + CH3                   4.060E+06   2.19     890.0 
 C3H7 + HO2            => C2H5 + CH2O + OH            2.410E+13   0.00       0.0 
 C3H7 + CH3            = C2H5 + C2H5                    1.927E+13  -0.32       0.0 
 C3H6                  = C2H3 + CH3                             3.150E+15   0.00   85500.0 
 C3H6 + H              = C3H5 + H2                              5.000E+12   0.00    1500.0 
 C3H6 + CH3            = C3H5 + CH4                        9.000E+12   0.00    8480.0 
 C3H6 + O2             = C3H5 + HO2                         4.000E+12   0.00   39900.0 
 C3H6 + O              = CH2CO + CH3 + H                  2.500E+07   1.76      76.0 
 C3H5 + O2             = CH2CHO + CH2O               7.140E+15  -1.21   21050.0 
 C3H5                  = C3H4 + H                               4.000E+13   0.00   69760.0 
 C3H5 + H              = C3H4 + H2                      1.000E+13   0.00       0.0 
 C3H5 + O2             = C3H4 + HO2                         6.000E+11   0.00   10000.0 
 C3H4 + OH             = C2H3 + CH2O                    1.000E+12   0.00       0.0 
 C3H4 + OH             = C2H4 + HCO                     1.000E+12   0.00       0.0 
 C3H4 + O2             = C3H3 + HO2                         4.000E+13   0.00   39160.0 
 CO + O + M            = CO2 + M                               6.170E+14   0.00    3000.0 
    H2/2.00/ O2/6.0/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/3.50/ C2H6/3.00/ 
 CO + OH               = CO2 + H                                  3.510E+07   1.30    -758.0 
 CO + O2               = CO2 + O                                1.600E+13   0.00   41000.0 
 CO + HO2              = CO2 + OH                             5.800E+13   0.00   22930.0 
 CH2 + H               = CH + H2                         1.000E+18  -1.00       0.0 
 CH2 + CH              = C2H2 + H                       3.000E+13   0.00       0.0 
 CH2 + O               = HCO + H                         8.000E+13   0.00       0.0 
 CH2 + OH              = CH2O + H                       2.500E+13   0.00       0.0 
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 CH2 + O2              = HCO + OH                     4.300E+10   0.00    -500.0 
 CH2 + O2              = CO2 + H2                     6.900E+11   0.00     500.0 
 CH2 + O2              = CO + H2O                              2.000E+10   0.00   -1000.0 
 CH2 + O2              = CH2O + O                               5.000E+13   0.00    9000.0 
 CH2 + O2              = CO2 + H + H                          1.600E+12   0.00    1000.0 
 CH2 + O2              = CO + OH + H                  8.600E+10   0.00    -500.0 
 CH2 + CH2             = C2H2 + H2                     1.200E+13   0.00     800.0 
 CH2 + CH2             = C2H2 + H + H                 1.200E+14   0.00     800.0 
 CH2 + CO2             = CH2O + CO                          1.000E+11   0.00    1000.0 
 CH3 + HO2             = CH3O + OH                      2.500E+13   0.00       0.0 
 CH3 + O2              = CH3O + O                              4.670E+13   0.00   30000.0 
 CH3 + O2              = CH2O + OH                            3.800E+11   0.00    9000.0 
 CH3 + O2              = CH3O2                                  3.020E+59 -15.00   17204.0 
 CH3 + O               = CH2O + H                        8.000E+13   0.00       0.0 
 CH3 + OH              = CH2 + H2O                            7.500E+06   2.00    5000.0 
 CH3 + OH              = CH2O + H2                      4.000E+12   0.00       0.0 
 CH3 + HCO             = CH4 + CO                       1.200E+14   0.00       0.0 
 CH3 + H               = CH4                                     1.900E+36  -7.00    9050.0 
 CH3 + H               = CH2 + H2                                9.000E+13   0.00   15100.0 
 CH3 + CH3O            = CH4 + CH2O                     4.300E+14   0.00       0.0 
 CH3 + CH3 (+M)        = C2H6 (+M)                        2.120E+16  -0.97     620.0 
      LOW  /  1.770E+50   -9.670   6220.00/ 
      TROE/  0.5325  151.00  1038.00  4970.00 / 
    H2/2.0/ H2O/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0/  
 CH3 + CH3             = C2H5 + H                             4.990E+12   0.10   10600.0 
 CH3 + HCO             = CH2O + CH2                     3.000E+13   0.00       0.0 
 CH3 + CH3             = C2H4 + H2                           1.000E+15   0.00   31000.0 
 CH3 + CH2             = C2H4 + H                     3.000E+13   0.00    -570.0 
 CH3 + M               = CH2 + H + M                         1.000E+16   0.00   90600.0 
 CH4 + O2              = CH3 + HO2                            7.900E+13   0.00   56000.0 
 CH4 + H               = CH3 + H2                                6.600E+08   1.60   10840.0 
 CH4 + OH              = CH3 + H2O                            1.600E+06   2.10    2460.0 
 CH4 + O               = CH3 + OH                                1.020E+09   1.50    8604.0 
 CH4 + HO2             = CH3 + H2O2                        1.000E+13   0.00   18700.0 
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 CH4 + CH2             = CH3 + CH3                            4.000E+12   0.00    -570.0 
 HCO + HCO             = CH2O + CO                            3.010E+13   0.00       0.0 
 HCO + OH              = H2O + CO                       1.000E+14   0.00       0.0 
 HCO + H               = H2 + CO                         1.190E+13   0.30       0.0 
 HCO + O               = OH + CO                         3.000E+13   0.00       0.0 
 HCO + O               = H + CO2                         3.000E+13   0.00       0.0 
 HCO + O2              = HO2 + CO                       6.600E+13  -0.30       0.0 
 HCO + M               = H + CO + M                          9.350E+16  -1.00   17000.0 
 HCO + HO2             = CO2 + OH + H                   3.000E+13   0.00       0.0 
 CH2O + O2             = HCO + HO2                         6.200E+13   0.00   39000.0 
 CH2O + O              = HCO + OH                             1.800E+13   0.00    3080.0 
 CH2O + H              = HCO + H2                              2.190E+08   1.80    3000.0 
 CH2O + OH             = HCO + H2O                    2.430E+10   1.20    -447.0 
 CH2O + HO2            = HCO + H2O2                      3.000E+12   0.00    8000.0 
 CH2O + M              = CO + H2 + M                       6.250E+15   0.00   69540.0 
 CH2O + M              = HCO + H + M                      4.000E+23  -1.66   91120.0 
 CH2O + CH3            = CH4 + HCO                        5.500E+03   2.80    6000.0 
 CH2CO + H             = CH3 + CO                            1.100E+13   0.00    3400.0 
 CH2CO + O             = HCO + HCO                         1.000E+13   0.00    2400.0 
 CH2CO + M             = CH2 + CO + M                   2.000E+16   0.00   60000.0 
 CH2CO + O             = HCCO + OH                         5.000E+13   0.00    8000.0 
 CH2CO + OH            = HCCO + H2O                     1.000E+13   0.00    2000.0 
 CH2CO + H             = HCCO + H2                         7.500E+13   0.00    8000.0 
 CH2CHO                = CH2CO + H                         3.094E+15  -0.26   50820.0 
 CH2CHO + O2    = CH2O + CO + OH                    2.000E+13   0.00    4200.0 
 CH2CHO + H            = CH2CO + H2                     1.000E+13   0.00       0.0 
 CH2CHO + O            = CH2O + HCO                   9.600E+06   1.83     220.0 
 CH2CHO + O            = CH2CO + OH                     1.000E+13   0.00       0.0 
 CH2CHO + OH           = CH2CO + H2O                    5.000E+12   0.00       0.0 
 CH3O + CO             = CH3 + CO2                         1.570E+14   0.00   11800.0 
 CH3O + M              = CH2O + H + M                    1.000E+14   0.00   25000.0 
 CH3O + H              = CH2O + H2                      2.000E+13   0.00       0.0 
 CH3O + OH             = CH2O + H2O                     1.000E+13   0.00       0.0 
 CH3O + O              = CH2O + OH                      1.000E+13   0.00       0.0 
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 CH3O + O2             = CH2O + HO2                        1.200E+11   0.00    2600.0 
 CH3O + H              = CH3 + OH                       1.000E+14   0.00       0.0 
 CH3O2 + HO2           = CH3O2H + O2                   4.630E+11   0.00   -2583.0 
 CH3O2 + CH4           = CH3O2H + CH3                1.810E+11   0.00   18480.0 
 CH3O2 + CH3           = CH3O + CH3O                      2.410E+13   0.00       0.0 
 CH3O2 + O             = CH3O + O2                      3.610E+13   0.00       0.0 
 CH3O2 + H             = CH3O + OH                      9.640E+13   0.00       0.0 
 CH3O2 + CH2O   = CH3O2H + HCO                    1.000E+12   0.00   11665.0 
 CH3O2 + C2H6   = CH3O2H + C2H5                    2.950E+11   0.00   14944.0 
 CH3O2 + CH3O2  = CH3O + CH3O + O2              2.800E+11   0.00    -780.0 
 CH3O2 + H2O2 = CH3O2H + HO2                       2.400E+12   0.00   10000.0 
 CH3O2 + C2H4 = C2H3 + CH3O2H                      7.100E+11   0.00   17110.0 
 CH3O2H   = CH3O + OH                             3.000E+16   0.00   42920.0 
 CH3O2H + OH    = CH3O2 + H2O                          1.000E+13   0.00    -258.0 
 CH3O2H + O     = CH3O2 + OH                             2.000E+13   0.00    4750.0 
 C2H + O2              = HCCO + O                       3.000E+13   0.00       0.0 
 C2H + O2              = CO + CO + H                    1.800E+13   0.00       0.0 
 C2H + O2              = HCO + CO                              5.000E+13   0.00    1500.0 
 C2H + H2              = C2H2 + H                                 4.900E+05   2.50     560.0 
 C2H + OH              = HCCO + H                                2.000E+13   0.00       0.0 
 C2H2 + O2             = HCO + HCO                         4.000E+12   0.00   28000.0 
 C2H2 + O              = CH2 + CO                               1.020E+07   2.00    1900.0 
 C2H2 + O              = HCCO + H                              1.350E+07   2.00    1900.0 
 C2H2 + O              = C2H + OH                             4.600E+19  -1.41   28950.0 
 C2H2 + OH             = C2H + H2O                          3.370E+07   2.00   14000.0 
 C2H2 + C2H            = C4H2 + H                                9.600E+13   0.00       0.0 
 C2H2 + HCCO           = C3H3 + CO                        1.000E+11   0.00    3000.0 
 C2H2 + C2H            = C4H3                                  4.500E+37  -7.68    7100.0 
 C2H2 + H + M          = C2H3 + M                           5.540E+12   0.00    2410.0 
 C2H2 + OH             = CH3 + CO                     4.830E-04   4.00   -2000.0 
 C2H2 + OH             = CH2CO + H                           3.200E+11   0.00     200.0 
 C2H2 + M              = C2H + H + M                       4.300E+16   0.00  108000.0 
 C2H2 + O2             = HCCO + OH                         1.300E+09   1.60   30100.0 
 C2H2 + O2             = C2H + HO2                           1.200E+13   0.00   34520.0 
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 C2H2 + OH             = HCCOH + H                          3.200E+11   0.00     200.0 
 C2H2 + CH             = C3H2 + H                                 1.000E+14   0.00       0.0 
 C2H2 + CH3            = CH4 + C2H                         1.800E+11   0.00   17270.0 
 C2H2 + C2H2           = C4H4                                  2.512E+12   0.00   35200.0 
 C2H2 + C2H2           = C4H2 + H2                         1.000E+14   0.00   52200.0 
 C2H2 + CH2            = H + C3H3                             1.200E+13   0.00    6620.0 
 C2H3 + H              = C2H2 + H2                        4.000E+13   0.00       0.0 
 C2H3 + O2             = CH2O + HCO                   4.000E+12   0.00    -250.0 
 C2H3 + OH             = C2H2 + H2O                     3.000E+13   0.00       0.0 
 C2H3 + CH2            = C2H2 + CH3                     3.000E+13   0.00       0.0 
 C2H3 + HCO            = C2H4 + CO                      6.034E+13   0.00       0.0 
 C2H3 + C2H3           = C2H2 + C2H4                    1.450E+13   0.00       0.0 
 C2H3 + O              = C2H2 + OH                      1.000E+13   0.00       0.0 
 C2H3                  = C2H2 + H                               4.600E+40  -8.80   46200.0 
 C2H3 + O2             = CH2CHO + O                        1.240E+14  -0.12    1696.0 
 C2H3 + O2             = C2H2 + HO2                             1.000E+12   0.00       0.0 
 C2H3 + O2             = CH2O + CO + H                  2.400E+10   0.00       0.0 
 C2H3 + O              = HCCOH + H                      1.000E+14   0.00       0.0 
 C2H3 + C2H            = C2H2 + C2H2                    3.000E+13   0.00       0.0 
 C2H3 + CH             = CH2 + C2H2                     5.000E+13   0.00       0.0 
 C2H3 + CH3            = CH4 + C2H2                     1.000E+13   0.00       0.0 
 C2H3 + C2H2           = C4H4 + H                           4.900E+16  -1.13   11800.0 
 C2H3 + C2H2           = C4H5                                  8.100E+37  -8.09   13400.0 
 C2H3 + C2H3           = C4H5 + H                           2.400E+20  -2.04   15361.0 
 C2H4 + H              = C2H3 + H2                              1.100E+14   0.00    8500.0 
 C2H4 + O              = CH3 + HCO                             1.600E+09   1.20     746.0 
 C2H4 + O              = CH2O + CH2                   3.000E+04   1.88     180.0 
 C2H4 + O              = CH2CHO + H                         3.200E+10   0.63    1370.0 
 C2H4 + O              = C2H3 + OH                             1.510E+07   1.91    3790.0 
 C2H4 + OH             = CH2O + CH3                         6.000E+13   0.00     960.0 
 C2H4 + HO2            = C2H3 + H2O2                     7.100E+11   0.00   17110.0 
 C2H4 + OH             = C2H3 + H2O                         9.020E+13   0.00    5955.0 
 C2H4 + M              = C2H2 + H2 + M                    1.500E+15   0.00   55800.0 
 C2H4 + M              = C2H3 + H + M                      2.600E+17   0.00   96570.0 
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 C2H4 + H              = C2H5                                     2.600E+43  -9.25   52580.0 
 C2H4 + O2             = C2H3 + HO2                         4.200E+14   0.00   57590.0 
 C2H4 + CH3            = C2H3 + CH4                        6.620E+00   3.70    9482.0 
 C2H4 + CH3 (+ M)      = C3H7 (+ M)                     2.550E+06   1.60    5700.0 
       LOW/ 3.00E+63  -14.6  18170./ 
       TROE/ .1894  277.0  8748.0  7891.0 / 
    H2/2.00/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ 
 C2H4 + C2H            = C4H4 + H                       1.200E+13   0.00       0.0 
 C2H4 + C2H4           = C2H5 + C2H3                    5.000E+14   0.00   64700.0 
 C2H5 + O2             = C2H4 + HO2                         4.000E+10   0.00   -2200.0 
 C2H5 + HO2            = C2H4 + H2O2                    3.000E+11   0.00       0.0 
 C2H5 + CH3            = CH4 + C2H4                     2.000E+13  -0.50       0.0 
 C2H6 + O2             = C2H5 + HO2                         1.000E+13   0.00   48960.0 
 C2H6 + CH3            = C2H5 + CH4                   5.500E-07   6.00    6300.0 
 C2H6 + H              = C2H5 + H2                              5.400E+02   3.50    5210.0 
 C2H6 + O              = C2H5 + OH                             3.000E+07   2.00    5115.0 
 C2H6 + OH             = C2H5 + H2O                         8.700E+09   1.05    1810.0 
 C2O + O               = CO + CO                         5.000E+13   0.00       0.0 
 C2O + OH              = CO + CO + H                    2.000E+13   0.00       0.0 
 C2O + O2              = CO + CO + O                    2.000E+13   0.00       0.0 
 HCCO + H              = CH2 + CO                       1.500E+14   0.00       0.0 
 HCCO + OH             = CO + CO + H2                       1.000E+14   0.00       0.0 
 HCCO + OH             = C2O + H2O                      3.000E+13   0.00       0.0 
 HCCO + O              = H + CO + CO                    1.000E+14   0.00       0.0 
 HCCO + O2             = OH + CO + CO                     3.200E+12   0.00     854.0 
 HCCO + CH2            = C2H3 + CO                      3.000E+13   0.00       0.0 
 HCCO + CH3            = C2H4 + CO                      5.000E+13   0.00       0.0 
 HCCO + HCCO           = C2H2 + CO + CO               1.000E+13   0.00       0.0 
 HCCOH + M             = CH2 + CO + M                  4.000E+15   0.00   59300.0 
  H2/ 2.40/ H2O/15.40/ CH4/ 2.00/ CO/ 1.75/ CO2/ 3.60/ C2H6/ 3.00/ 
 HCCOH + OH            = CH2O + HCO                     5.000E+12   0.00       0.0 
 HCCOH + H             = HCCO + H2                         1.800E+14   0.00    8600.0 
 C3H2 + O              = C2H2 + CO                      6.800E+13   0.00       0.0 
 C3H2 + OH             = HCO + C2H2                     6.800E+13   0.00       0.0 
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 C3H2 + O2             = HCCO + CO + H                  5.000E+13   0.00       0.0 
 C3H2 + O2             = HCCO + HCO                          1.000E+13   0.00       0.0 
 C3H2 + HCCO           = C4H3 + CO                    1.000E+13   0.00       0.0 
 C3H2 + CH2            = C4H3 + H                     5.000E+13   0.00       0.0 
 C3H2 + CH3            = C4H4 + H                       5.000E+12   0.00       0.0 
 C3H3 + O              = CH2O + C2H                     2.000E+13   0.00       0.0 
 C3H3 + OH             = C3H2 + H2O                     2.000E+13   0.00       0.0 
 C3H3 + CH2            = C4H4 + H                       2.000E+13   0.00       0.0 
 C3H3 + C3H3           = C6H5 + H                     2.000E+12   0.00       0.0 
 C3H3 + C3H3           = A1                               2.000E+10   0.00       0.0 
 C4H + O               = C2H + C2O                       5.00E+13    0.00       0.0 
 C4H + O2              = HCCO + C2O                   5.00E+13    0.00    1500.0 
 C4H + H2              = H + C4H2                       4.90E+05    2.50     560.0 
 C4H + C2H2            = C6H2 + H                        4.00E+13    0.00       0.0 
 C4H2 + H              = C4H3                                 1.100E+42  -8.72   15300.0 
 C4H2 + C2H            = C6H2 + H                        1.00E+14    0.00       0.0 
 C4H2                  = C4H + H                               1.000E+15   0.00  120000.0 
 C4H2 + OH             = C4H + H2O                          3.370E+07   2.00   14000.0 
 C4H2 + O              = C3H2 + CO                      1.200E+12   0.00       0.0 
 C4H3 + H            = C2H2 + C2H2                          6.300E+25  -3.34   10014.0 
 C4H3 + H            = C4H2 + H2                       1.500E+13   0.00       0.0 
 C4H3 + H            = C4H4                                  2.000E+47 -10.26   13070.0 
 C4H3 + OH           = C4H2 + H2O                     5.000E+12   0.00       0.0 
 C4H3 + M            = C4H2 + H + M                        3.160E+15   0.00   45000.0 
 C4H3 + C2H2         = A1-                                   1.900E+63 -15.25   30600.0 
 C4H3 + C2H2         = C6H5                                  3.800E+21  -3.17    6400.0 
 C4H3 + C4H2         = A1C2H-                               1.900E+63 -15.25   30600.0 
 C4H4                  = C4H2 + H2                              1.020E+13   0.00   75000.0 
 C4H4 + H              = C4H5                                6.200E+45 -10.08   15800.0 
 C4H4 + H              = C4H3 + H2                            6.650E+05   2.53   12240.0 
 C4H4 + OH             = C4H3 + H2O                         3.100E+06   2.00    3430.0 
 C4H5 + H              = C4H4 + H2                     1.500E+13   0.00       0.0 
 C4H5 + OH             = C4H4 + H2O                   2.500E+12   0.00       0.0 
 C4H5 + O2             => C2H4 + CO + HCO             4.160E+10   0.00    2500.0 
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 C4H5 + C2H2           = A1 + H                                1.600E+18  -1.88    7400.0 
 C6H + O               = C4H + C2O                       5.00E+13    0.00       0.0 
 C6H + H2              = H + C6H2                       4.90E+05    2.50     560.0 
 C6H2                  = C6H + H                                1.00E+15    0.00  120000.0 
 C6H2 + OH             => C2H + C2H2 + C2O             6.60E+12    0.00    -410.0 
 C6H2 + OH             = C6H + H2O                           3.37E+07    2.00   14000.0 
 C6H5 + H              = C4H4 + C2H2                        6.300E+25  -3.34   10014.0 
 C6H5 + O2             => C4H4 + CO + HCO             4.160E+10   0.00    2500.0 
 C6H5                  = A1-                                 3.500E+46 -10.44   33600.0 
 A1 + H                = A1- + H2                               2.590E+14   0.00   16000.0 
 A1 + OH               = A1- + H2O                               1.060E+08   1.42    1450.0 
 A1 + C2H              = A1C2H + H                      5.000E+13   0.00       0.0 
 A1- + H               = A1                              1.000E+14   0.00       0.0 
 A1- + C2H2            = A1C2H2                               7.900E+29  -5.15   13700.0 
 A1- + C2H2            = A1C2H + H                          2.500E+29  -4.43   26400.0 
 A1- + C2H3            = A1C2H2 + H                        9.400E+00   4.14   23234.0 
 A1C2H + H             = A1C2H2                               1.600E+32  -5.72   11090.0 
 A1C2H + H             = A1C2H- + H2                      2.500E+14   0.00   16000.0 
 A1C2H + OH            = A1C2H- + H2O                   1.600E+08   1.42    1450.0 
 A1C2H- + H + M        = A1C2H + M                         1.000E+14   0.00       0.0 
 A1C2H2 + H            = A1C2H + H2                           1.500E+13   0.00       0.0 
 A1C2H2 + OH           = A1C2H + H2O                      2.500E+12   0.00       0.0 
 A1C2H- + C2H2         = A2-1                                5.100E+48 -10.53   28000.0 
 A1C2H- + C2H2         = A1C2H)2 + H                  2.100E+10   0.85   13700.0 
 A1C2H)2 + H           = A2-1                                   1.500E+51 -10.77   25500.0 
 A1C2H + C2H           = A1C2H)2 + H                        5.000E+13   0.00       0.0 
 A1C2H2 + C2H2         = A2 + H                             1.600E+18  -1.88    7400.0 
 A2 + H                = A2-1 + H2                                 2.500E+14   0.00   16000.0 
 A2 + OH               = A2-1 + H2O                             1.600E+08   1.42    1450.0 
 A2-1 + O2             = A1C2H + HCO + CO              2.100E+12   0.00    7470.0 
 A2-1 + C2H2           = A2R5 + H                             1.100E+07   1.71    3900.0 
 A2R5 + OH             = A2R5- + H2O                       1.600E+08   1.42    1450.0 
 A2R5 + O              => A2-1 + HCCO                      2.200E+13   0.00    4530.0 
 A2R5 + H              = A2R5- + H2                           2.500E+14   0.00   16000.0 
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 A2R5- + O2            => A2-1 + CO + CO                 2.100E+12   0.00    7470.0 
 A2R5- + H (+ M)       = A2R5 (+ M)                          1.000E+14   0.00       0.0 
       LOW/ 6.6E+75  -16.30  7000.  / 
       TROE / 1.0 0.1 584.9  6113.  / 
       H2/2.0/ H2O/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0/ 
 N + NO                = N2 + O                        2.700E+13   0.00     355.0 
 N + O2                = NO + O                                  9.000E+09   1.00    6500.0 
 N + OH                = NO + H                        3.360E+13   0.00     385.0 
 N2O + O               = N2 + O2                                1.400E+12   0.00   10810.0 
 N2O + O               = NO + NO                                2.900E+13   0.00   23150.0 
 N2O + H               = N2 + OH                                3.870E+14   0.00   18880.0 
 N2O + OH              = N2 + HO2                             2.000E+12   0.00   21060.0 
 N2O (+M)              = N2 + O (+M)                         7.910E+10   0.00   56020.0 
     LOW  /  6.370E+14   0.00  56640.0 / 
     H2/2.00/ H2O/6.00/ CH4/2.00/ O2/0.4/ N2/0.4/ CO/1.50/ CO2/2.00/ 
C2H6/3.00/ 
 HO2 + NO              = NO2 + OH                     2.110E+12   0.00    -480.0 
 NO + O + M            = NO2 + M                        1.060E+20  -1.41       0.0 
     H2/2.00/ H2O/6.00/ CH4/2.00/ O2/0.4/ N2/0.4/ CO/1.50/ CO2/2.00/ 
C2H6/3.00/ 
 NO2 + O               = NO + O2                       3.900E+12   0.00    -240.0 
 NO2 + H               = NO + OH                       1.320E+14   0.00     360.0 
 CO + N2O              = CO2 + N2                              5.010E+13   0.00   44000.0 
 CO + NO2              = CO2 + NO                             9.030E+13   0.00   33800.0 
 H+O2 = O+OH                                                         1.915E+14   0.00  16440.0 
             REV /  5.481E+11   0.39 -293.0 / 
 O+H2 = H+OH                                               5.080E+04   2.67   6292.0 
             REV /  2.667E+04   2.65  4880.0 / 
 OH+H2 = H+H2O                                            2.160E+08   1.51   3430.0 
             REV /  2.298E+09   1.40  18320.0 / 
 O+H2O = OH+OH                                                   2.970E+06   2.02  13400.0 
             REV /  1.465E+05   2.11 -2904.0 / 
 H2+M = H+H+M                                                   4.577E+19  -1.40  104400.0 
             REV /  1.146E+20  -1.68  820.0 / 
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   H2/2.5/ H2O/12.0/ 
 O2+M = O+O+M                                                   4.515E+17  -0.64  118900.0 
             REV /  6.165E+15  -0.50  0.0 / 
   H2/2.5/ H2O/12.0/ 
 OH+M = O+H+M                                                  9.880E+17  -0.74  102100.0 
             REV /  4.714E+18  -1.00  0.0 / 
   H2/2.5/ H2O/12.0/ 
 H2O+M = H+OH+M                                             1.912E+23  -1.83  118500.0 
             REV /  4.500E+22  -2.00  0.0 / 
   H2/0.73/ H2O/12.0/ 
 H+O2(+M) = HO2(+M)                                              1.475E+12   0.60       0.0 
           LOW / 3.4820E+16 -4.1100E-01 -1115.0 / 
   TROE/0.5  1.0000E-30  1.0000E+30  1.0000E+100 / 
   H2/1.3/ H2O/14.0/ 
 HO2+H = H2+O2                                                      1.660E+13   0.00     823.0 
             REV /  3.164E+12   0.35  55510.0 / 
 HO2+H = OH+OH                                                    7.079E+13   0.00     295.0 
             REV /  2.027E+10   0.72  36840.0 / 
 HO2+O = OH+O2                                              3.250E+13   0.00       0.0 
             REV /  3.252E+12   0.33  53280.0 / 
 HO2+OH = H2O+O2                                          2.890E+13   0.00    -497.0 
             REV /  5.861E+13   0.24  69080.0 / 
 H2O2+O2 = HO2+HO2                                          4.634E+16  -0.35   50670.0 
             REV /  4.200E+14   0.00  11980.0 / 
   DUPLICATE 
 H2O2+O2 = HO2+HO2                                          1.434E+13  -0.35   37060.0 
             REV /  1.300E+11   0.00 -1629.0 / 
   DUPLICATE 
 H2O2(+M) = OH+OH(+M)                                    2.951E+14   0.00   48430.0 
           LOW / 1.202E+17  0.00 45500. / 
       TROE /0.5 1.0E-30 1.0E+30 1.0E+100/ 
       H2/2.5/ H2O/12.0/ 
 H2O2+H = H2O+OH                                               2.410E+13   0.00    3970.0 
             REV /  1.269E+08   1.31  71410.0 / 
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 H2O2+H = H2+HO2                                                6.025E+13   0.00    7950.0 
             REV /  1.041E+11   0.70  23950.0 / 
 H2O2+O = OH+HO2                                               9.550E+06   2.00    3970.0 
             REV /  8.660E+03   2.68  18560.0 / 
 H2O2+OH = H2O+HO2                                             1.000E+12   0.00       0.0 
             REV /  1.838E+10   0.59  30890.0 / 
   DUPLICATE 
 H2O2+OH = H2O+HO2                                          5.800E+14   0.00    9557.0 
             REV /  1.066E+13   0.59  40450.0 / 
   DUPLICATE 
 C2H5+O=CH3CHO+H                                     1.09E+14    0.0        0.0 
   DUPLICATE 
 C3H7+HO2=CH3CHO+CH3+OH                             2.41E+13    0.0        0.0 
 C3H7+O=CH3CHO+CH3                                  4.82E+13    0.0        0.0 
 C2H4+HO2=CH3CHO+OH                              6.03E+09    0.0     7949.0 
 C2H5+O=CH3CHO+H                                     6.62E+13    0.0        0.0 
  DUPLICATE 
 C2H3+OH=CH3CHO                                      3.01E+13    0.0        0.0 
 CH3CHO=CH3+HCO                                             7.00E+15    0.0    81674.0 
 CH3CHO+O2=HO2+CH3+CO                                3.01E+13    0.0    39150.0 
 C2H4+CH3O2=CH3CHO+CH3O                            7.00E+13    0.0    14500.0 
 C(S) + O2 = O + CO                                                 3.000E+11   0.00  26800.0 
 C(S) + H2O = CO + H2                                            3.000E+11   0.00  42800.0 
 C(S) + OH = CO + H                                                3.000E+12   0.00  32600.0 
 C(S) + OH + OH = CO2 + H2                                  3.000E+12   0.00  32600.0 
 C(S) + OH + O  = CO2 + H                                      3.000E+12   0.00  32600.0 
 C(S) + NO2 = CO + NO                                           1.000E+12   0.00  18800.0 
END 
